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Abstract 

Defense gene expression in corn (Zea mays L.) in response to Clavibacter nebraskensis, the 

causal agent of Goss’s Wilt and Leaf Blight 

 

 Goss’s wilt and leaf blight is a growing concern for corn growers in Manitoba, Canada. 

Little is known about the genetic interaction between corn and the bacterial pathogen, 

Clavibacter nebraskensis (Cn). The objective of this study was to investigate at the molecular 

level, how corn can defend against Cn. Two lines of corn screened as susceptible (CO447) and 

tolerant (CO450) to Goss’s wilt and leaf blight, respectively, were inoculated with Cn strains that 

possess different aggressiveness levels. The highly aggressive Cn strain (CMN14-5-1) produced 

severe symptoms on CO447, which quickly developed water soaked lesions, and then within a 

couple days, developed into necrotic lesions. However, symptoms on CO450 exhibited signs of 

chlorosis, freckling, and necrosis that did not progress, beyond the initial 6 days after 

inoculation, with the same strains, which were signs of programmed cell death (PCD) within the 

corn plant. Similar results were observed with the less aggressive Cn strain (DOAB232), though 

symptoms were less severe. Area under disease progress curve values were estimated for both 

lesion length and disease severity, which yielded significant differences amongst treatments. 

Analysis of the expression of 31 genes associated with plant defense was performed on plants 

challenged with each Cn strain. Four genes, peptidyl-prolyl cis-trans isomerase (PPI), ras-

related protein 7 (Rab7), ribosome-inactivating proteins (RIP2), and respiratory burst oxidase 
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homolog protein D (rbohD) were upregulated in CO450 RbohD is one of the genes responsible 

for reactive oxygen species (ROS) production, a key factor in PCD, so can be considered a 

defense factor in this study. Four genes, jasmonate-zim-domain protein 20 (jaz20), β subunit 

ATP synthase (βATP), allene oxide synthase (ZmAOS), and guanosine triphosphate (GTP)-

binding protein (RabE1C) were upregulated in CO447. Based on their differential expression in 

the two corn lines in response to one or the strain, some genes may be suggested as contributors 

to either susceptibility or tolerance to Goss’s wilt and leaf blight. Along with other findings in 

Drs. Daayf, Tambong, and Stasolla’s lab, this knowledge can represent a foundation for 

developing cultivars with higher resistance to Cn.
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1 Introduction  

 Corn is an important cash crop across the world, as it is widely considered to be in the top 

3 of the most produced crops in the world (Staller 2010; Stats Can - Corn: Canada's Third Most 

Valuable Crop 2011).  Canada accounts for roughly 1.2% of the total corn production 

worldwide, and is designated as the 11
th

 corn producer in the world (Stats Can - Corn: Canada's 

Third Most Valuable Crop 2011).  Corn has been cultivated pre-Columbus for centuries by the 

indigenous peoples of the temperate growing regions of the Americas, and is still considered to 

be an important food staple by millions of people across Latin America and the Southern United 

States (Staller 2010). Corn is not only used as a food source for humans, but is also an important 

food source for animals, used in distilleries for alcohol production, and is used in the ever 

growing bio-fuel industry (Canadian Census of Agriculture 2011; Yasuhara-Bell et al. 2016). 

Due to this high demand for corn products, tighter rotations of corn are becoming more common 

place across the growing regions of North America, increasing the probability of fungal and 

bacterial disease emergence. 

 The Goss’s bacterial wilt and leaf blight of corn caused by the gram-positive bacterium, 

Clavibacter nebraskensis (Cn), is an extremely damaging bacterial disease to the corn sector 

across Canada and the corn belt region of the United States (Hu et al. 2018). The pathogen 

belongs to the genus Clavibacter, which is responsible for blights and wilts across 6 other major 

cash crops around the world e.g. C. sepedonicus (potato) (Cs), C. tessellarius (wheat) (Ct), C. 

insidiosus (alfalfa) (Ci), C. capsici (pepper) (Cc), and C. michiganensis (pepper, tomato, and 
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bean) (Cm) (Li et al. 2018; Eichenlaub and Gartemann 2011; González and Trapiello 2014; 

Tambong 2017).  

 The pathogen was originally named Corynebacterium nebraskense in 1969 when the 

disease was discovered on two farms near Lexington, Nebraska, U.S.A. and its common name, 

Goss’s wilt and leaf blight, was named after a renowned Professor at the University of Nebraska, 

Dr. Robert Goss (Mallowa et al. 2016; Schuster 1975; Wysong et al. 1973; Wysong et al. 1981).  

The disease later spread across the United States and  Canada (Eggenberger et al. 2016) 

including Manitoba in 2009 (Derksen and Cott 2014), due probably to the spread of residue from 

field to field by uncleaned equipment, winds, and/or rain storms (Eggenberger et al. 2016; 

Rocheford et al. 1989; Wysong et al. 1981). The re-emergence and rapid spread of this disease to 

such dramatic levels across the U.S. started to occur as early as 2006, as there was a shift in 

cultural tillage practises from traditional deep tillage that completely buried the corn stubble, to 

more recent reduced tillage as a way to conserve the soil and the rise of use of herbicides such as 

glyphosate as a means to control weeds (Eggenberger et al. 2016; Jackson et al. 2007; McNally 

et al. 2016). 

 Cn is known to enter the plants by several different modes, such as wounding of the plant 

epidermis from extreme weather such as hail or soil particles, herbivorous insect damage, natural 

openings in the stomata, and even seed transmission (Wysong et al. 1981; Rocheford et al. 1989; 

Mallowa et al. 2016; Soliman et al. 2018). The pathogen is known to reside on the stubble of past 

corn crops, such as infected leaves, stalks, cobbs, and even seeds (Wysong et al. 1973,  1981). 

The main related symptoms of this disease are water-soaked lesions that appear to be freckled 

and later develop scorched-like appearance on the infected tissue (Pataky and Suparyono 1989).  
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Cn is a highly devastating disease to corn as it can cause yield loss exceeding 50%  and it can 

interact with the crop at any stage in its development (Agarkova et al. 2011; Tambong et al. 

2015; Wysong et al. 1981).  

 The control of this disease is almost strictly limited to cultural practises such as tillage 

(crop residue control), good agronomic practises, and using varieties of corn from companies 

such as North Star Genetics, Bayer, and Thunder Seeds that have known levels of tolerance to 

the disease (Claflin and White 1999; Cooper et al. 2019; Harding et al. 2018; Langemeier et al. 

2014; Mehl 2015; Mehl et al. 2015; Pataky and Suparyono 1989; Rocheford et al. 1989). There 

is no chemical control that will directly impact the level of severity of Cn on corn. Mehl et al. 

(2015) and Wise et al. (2013) reported that traditional fungicides and bactericides had no 

significant impact on the control of the pathogen at the field level. The best mode of chemical 

control of Cn is an indirect effect by controlling known alternative hosts of the disease such as 

Seteria viridis (green foxtail) and Sorghum bicolor (shatter cane) within corn fields so that way 

there is no transmission from the alternative host to the corn crop (Ikley et al. 2015; Langemeier 

et al. 2014). However, the best way forward to control this particular disease that has the least 

amount of environmental impact is the advancement of in planta resistance/tolerance (Mehl 

2015). 

 Unfortunately, not much is known about the pathogen-host interaction when it comes to 

Cn, as it is generally hard to genetically manipulate gram-positive bacteria (Xu et al. 2010). It is 

postulated but not proven that Cn is able to use some enzymes, such as chitanases, cellulases, β-

1,4-xylanase, and proteases that allowed the pathogen to effectively colonize the plant for the 

purpose of infection (Soliman et al. 2021). Little is known on the exact genes that produce these 



4 

 

required enzymes but it is known that the virulence factors of Cn are most likely distributed 

through its type II secretion system (Mbofung et al. 2015; Hu et al. 2018). Clavibacter 

michiganensis (Cm), however, has had several papers studied the pathogen-host interaction on 

how the pathogen successfully colonizes the plant which can give an idea of what kind of 

mechanisms Cn might use in order to colonize corn. tomA within the pathogenicity island 

chp/tomA is gene related to the production of tomatinase, which is responsible for the 

degradation of the gene tomatin that contributes to the basal defense of the tomato plant (Ialacci 

et al. 2016; Nandi et al. 2018). Another mechanism that Cm employs in order to colonize tomato 

successfully is the virulence plasmids pCM1 and pCM2, which are required for infection to 

occur in the tomato plant, to produce celA and pat-1. CelA synthesizes the enzyme cellulase that 

degrades cell walls and pat-1 produces serine proteases, which are known to disintegrate cellular 

tissues and manipulate the physiological makeup of the cell (Savidor et al. 2012; Sharabani et al. 

2014; Ialacci et al. 2016; Nandi et al. 2018). 

 There is not much known about the mechanisms responsible for the successful 

colonization of corn by Cn or those employed by the host to fend off the Cn pathogen. The most 

often examined mechanism of plants to prevent the spread of a pathogen is the deployment of a 

hypersensitive response (HR), which in turn controls the progression of the disease to 

neighbouring cells from the initial area of infection (Lamb et al. 1989; Omelichkina et al. 2017; 

Stintzi et al. 1993). A more advanced form of a HR is programmed cell death (PCD), which is 

when the initial infected cell/cells are killed off by the production of reactive oxygen species 

(ROS) and nitrogen oxide (NO). ROS and NO are toxic to the plant cells and effectively kill the 

initially infected cell(s), leading to a slow or stop of disease progression within the plant 

(Omelichkina et al. 2017; Owusu et al. 2019). Another major producer of ROS, within the corn 
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system is rbohD, which is responsible for the production of hydrogen peroxide and super oxide 

at the infection site (Owusu et al. 2019). Owusu et al. (2019) was able to show that the corn 

plant, when inoculated with Cn, was able to upregulate rbohD, and related it to the defense 

mechanism of corn against Cn. 

Purpose, Hypothesis, and Objectives of Thesis 

 The purpose of this master’s project was to look at how this destructive pathogen, 

Clavibacter nerbraskensis, interacts with corn plants, which make a major cash crop. The 

hypothesis of this thesis is that there will be a correlation between the gene expression of the 

genes studied and the tolerance levels of the corn lines used in this study. 

 The specific objectives to address the above hypothesis were to: 

1) Validate a quadratic system between two different strains of Clavibacter nebraskensis with 

known levels of aggressiveness by monitoring Goss’s wilt and leaf blight disease progression 

after their inoculation onto two known lines of corn, deemed tolerant and susceptible. 

2) Investigate changes in the expression of thirty one defence-related genes in the susceptible and 

tolerant corn lines infected with weakly or highly-aggressive Cn strains. 

2 Literature Review 

 2.1 Corn Production 

 Corn is one of the few native species of the Americas cash crops that are still grown 

today at a large scale, where private seed and chemical companies devote entire portfolios. 

Before the introduction of European explorers to the Americas, maize was being cultivated and 
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produced by indigenous populations over the tropical and temperate regions of the Americas 

(Staller 2010). It is believed that maize originated from the crossing of a wild “pre-Columbian” 

maize species and a species of plant in the Tripsacum genus, which is also closely related to that 

of corn. This is known as the Tripartite Hypothesis which speculates the rise of Zea mays L, as 

we know it today (Staller 2010). In its final iterations the Tripartite Hypothesis, suspects that the 

final evolved form of Zea mays was developed from the interbreeding of Zea diploperennis with 

Tripsacum dactyloides (Staller 2010). This led to the corn plant’s ability to adapt to its 

environment. Its ability to transform its structure (determinate and indeterminate ears) in order to 

maximize its agronomic and yield potential is one of the main reasons why this crop both is and 

was very popular to grow in the Americas, and part of the reason why so many seed and 

chemical companies deal solely with corn (Staller 2010). 

 When it comes to the top grains produced around the world, corn is considered to be in 

the top 3 at all times, whereas some years it is rated second or even first depending on the year 

(Staller 2010; Stats Can - Corn: Canada's Thrid Most Valuable Crop 2011). The top 3 countries 

with the highest production of corn on the Global scale are the United States at 35.5% or 

313,948,610 tonnes, China at 21.8% (192,781,000 tonnes), and Brazil at 6.3% (55,660,415 

tonnes) (Statistics Canada – Corn: Canada’s Third Most Valuable Crop 2011). On the Global 

scale, in 2011 Canada accounted for 1.2% of the World’s production of grain corn, or roughly 

10,688,700 tonnes making Canada the 11
th

 ranked country in terms of global corn production 

(Statistics Canada, 2011). 

 In Canada, as a whole typically the number of grain corn farms is diminishing since 2001 

from 27,842 in 2001 to about 24,175 in 2016. This trend holds true for traditional corn growing 



7 

 

provinces such as Quebec and Ontario which make up over 91.9% of Canada’s corn production 

in 2011 (Statistics Canada – Corn: Canada’s Third Most Valuable Crop 2011; Stats Can. Table 

32-10-0154-01 Selected crops, historical data). However, with the diminishment of average 

farms, the average acreage per farm is increasing, from 115 acres/farm in 2001 to about 150 

acres/farm in 2016 (Statistics Canada, 2016).  

 Corn is one of the many cash crops grown in the Southern Prairies, in particular southern 

Manitoba. Manitoba in general produces mostly canola, wheat, potatoes, and oats. Prior to 1978, 

due to climatic restrictions in the region, there was very little grain corn produced in Manitoba as 

the corn acreage was primarily silage for animal feed (Census of Agriculture 2011). Unlike the 

Corn Belt region, the western prairies are hindered by a shorter growing season. However, there 

are now shorter season varieties that have been developed in the past few decades allowing the 

crop to be grown successfully in the Western Prairies, in particular Manitoba. In Manitoba there 

are both more corn farms arising, as well as corn acreage increasing per farm. In 2001, the 

number of farms producing grain corn was 542, with an average acreage of 204 per farm, but in 

2016 the number of farms growing grain corn increased to 1,047 and the average farm size grew 

to 349 acres (Statistics Canada, 2016). This can be attributed to new varieties, and of course 

climate change in the region, making corn a more popular option amongst farmers. In 2018, the 

planted grain corn acreage was at 417,500 acres, which is a 7% increase from the previous 

growing season, yet the average yield of 113.2 bu/ac was down compared to the 5 year average 

for grain corn at 124 bushels/acre. This is because the growing season was hot and dry during the 

critical growing stages, and then at harvest time rain, snow, and the cold delayed harvest which 

ultimately led to harvest loss (Markets 2018). 
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 As there are increasing demands for corn-based products, high yielding corn hybrids have 

been developed for that purpose. Corn is used primarily for livestock feed for cattle, poultry, and 

hog production. However, there is a market for human-based products as well like corn chips, 

high fructose corn syrups, and alcohols (Canadian Census of Agriculture 2011; Yasuhara-Bell et 

al. 2016). In addition to these products, bio-fuel production from corn has been used as an 

additive to petroleum fuels with approximately a ratio of 15% to as high as 85%, which is based 

off of any gas station pump in the U.S and Canada. Due to the high demands of corn products, 

producers have begun to implement tighter crop rotations with their corn.  

2.2 Taxonomy and cell morphology of Clavibacter sp.  

 Members of the genus Clavibacter are  important  bacterial pathogens that can impose 

high economic loss across a wide spectrum of agricultural crops (Eichenlaub and Gartemann 

2011).  Formerly, the genus had only one species, Clavibacter michiganensis (Cm) and 7 core 

subspecies. These subspecies of Cm, infect wheat (subsp. tessellarius; Ct), alfalfa (subsp. 

insidiosus), potato (subsp. sepedonicus; Cs), tomato (subsp. michiganensis; Cm), peppers (subsp. 

capsici), corn (subsp. nebraskensis; Cn) and field beans (subsp. phaseoli; Cp), which are all very 

high value agricultural crops and as such their presence in the field can be very damaging in the 

economic sense if not controlled (Eichenlaub and Gartemann 2011; González and Trapiello 

2014; Tambong 2017). Li et al. (2018) recently re-classified five of the above subspecies to 

novel species based on whole-genome and multi-locus sequence analyses. The new taxonomic 

valid names are Clavibacter tessellarius (Ct), Clavibacter insidiosus (Ci), potato sepedonicus 

(Cs), tomato michiganensis (Cm), Clavibacter capsici (Cc), and Clavibacter nebraskensis (Cn). 

However, in 2015, a study was conducted to determine if the Clavibacter sp. that were isolated 
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from tomato seed lots were actually pathogenic and warranted deposing of tomato seed lots, for 

fear of spreading a quarantined species of Clavibacter like Cm (Yasuhara-Bell and Alvarez 

2015). In study of Yasuhara-Bell and Alvarez (2015), it was determined that there are two non-

pathogenic subspecies of Cm isolated from peppers. These are Clavibacter michiganensis subsp. 

californiensis subsp. nov. and Clavibacter michiganensis subsp. chilensis subsp. nov. which 

were isolated in seed lots from California and Chile respectively (Yasuhara-Bell and Alvarez 

2015). The members of this genus are gram-positive bacteria belonging to the family 

Microbacteriaceae, and ultimately to the phylum of  Actinobacteria (Tambong 2017; Hu et al. 

2018). The structure of the cells are rod-shaped in the coryneform morphology, and  the cell wall  

consists of B2γ-type peptidoglycan with diaminobutyric acid MK-9 as the menaquinone being 

the most predominant, the basic polar lipids present in the cell wall are phosphatidyglycerol and 

diphosphatidyglycerol, and all of the subspecies have cell walls which have a relatively high GC 

content of around 72-74% (Tambong 2017). All of the Clavibacter species are known to produce 

mucous-like colonies due to the exopolysaccharides (EPS), and colony color ranges between 

orange to yellow due to the presence of carotenoids, with the exception of Cs, which lacks the 

yellow-orange pigmentation (Eichenlaub and Gartemann 2011). These species do not produce 

either spores or mycelia (Eichenlaub and Gartemann 2011).  

2.3 Goss’s Bacterial Wilt and Leaf Blight Disease 

2.3.1 Background and History of Pathogen  

 Goss’s wilt and leaf blight is caused by Cn, a vascular disease that is currently considered 

to be an important problem in the Corn Belt region of the U.S and the corn growing regions of 

Canada (Hu et al. 2018). The bacterium Cn itself is gram-positive, oxidase-negative, catalase-
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positive, non-motile, irregularly shaped rod that has a wedge or club formation.  It is 0.5 x 2.5 

µm on average in terms of Cn’s cell size (Claflin and White 1999; Vidaver and Mandel 1974; 

Cooper et al. 2019). An interesting aspect is that unlike other pathogenic bacteria, Cn lacks the 

type III secretory system which is important to the secretion of avirulence genes which are 

effector proteins that are used to surpass the standard pattern-associated immunity (PAT) 

(Mbofung et al. 2015). Comparative genomics analysis, performed by Tambong (2017) on Cn 

and the other Clavibacter species/subspecies at the time was able to determine that they lacked 

plasmids, which could indicate a low level of tolerance to arsenic in the bacteria. The analysis 

also discovered that unique to the rest of the bacteria, Cn carried a coding sequence of sucrose-6-

phosphate hydrolase, which its host plant corn carries a biosynthetic pathway of sucrose-6-

phosphate. Goss’s bacterial wilt and blight of corn was originally named in honor of Dr. Robert 

Goss, a well-known scientist and renowned Professor at the University of Nebraska (Wysong et 

al. 1981). The pathogen was originally found on two farms near Lexington Nebraska, in Dawson 

County in Mid-August of 1969 (Schuster 1975; Wysong et al. 1973). At first the disease was 

believed to be caused by Pantoea stewartii (formerly, Erwinia stewartii, the causal agent of 

Stewart’s wilt) due to the blight symptoms on the leaf, but further analysis of the bacteria at the 

time led researchers to believe that the pathogen was an unidentified species of Corynebacterium 

(Wysong et al. 1973). The disease has since spread from the state of Nebraska and was originally 

named Corynebacterium nebraskense (Mallowa et al. 2016; Schuster 1975). As early as 1981, 

the pathogen was considered to be a probable subspecies of Cm, however back then it was 

known as Corynebacterium michiganese (Wysong et al. 1981). In 2006, it was noticed that Cn 

had started to re-emerge in the Central High Plains of the corn growing region which includes 

western Nebraska, southeastern Wyoming and eastern Colorado, after several years of reduced 
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incidence of the disease (Jackson et al. 2007). It is believed that the shift in tillage practises, 

going from deep tillage and complete burial of residues to the increased implementation of 

reduce tillage practises led to the re-emergence of Goss’s wilt and leaf blight in the region and 

beyond (Jackson et al. 2007).  

2.3.2 Distribution of Disease 

 Since the pathogen was first discovered near Lexington, Nebraska in 1969, it has been 

sporadic and at non-threatening levels throughout the Corn Belt region until 2006, when it first 

started posing problems in this state of the United States as the incidence and severity had greatly 

increased and led to the eventual spread across much of the continent (Wysong et al. 1973; 

Eggenberger et al. 2016; McNally et al. 2016). By 1970, the pathogen was found in 9 counties 

across Nebraska, which increased to 16 counties the following year in 1971 with the first 

reported case of Cn being discovered in a county in Iowa, and then by the next year it had 

already been discovered in a county in Kansas (Wysong et al. 1973). Within 10 years the disease 

spread to an additional 5 states situated around the Corn Belt region of the United States 

including: South Dakota, Colorado, Illinois, Minnesota, and Wisconsin (Wysong et al., 1981). 

The pathogen since then has been spread over an extensive area in the last decade from Nebraska 

to as far south as Texas and Louisiana, as far west as Colorado and Wyoming, as far east as 

Michigan state and Ontario, Canada and as far north as Manitoba, Canada with the entire area 

between these states and provinces infected with Cn (Eggenberger et al. 2016).  

 In Manitoba, the first recorded observation of Cn was in the Rural Municipality of 

Roland in 2009, which is roughly 100 kilometers southwest of Winnipeg, and just over 40 km 

north of North Dakota (Derksen and Cott, 2014). In 2014, there were 74 randomly sampled 
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fields, representing roughly 5% of all corn acres grown in Manitoba, in the heart of corn growing 

region of Manitoba and Cn was found in 14% of surveyed fields (Derksen and Cott, 2014). In 

2014, Tambong et al. (2015) confirmed that indeed Cn had in fact established in Manitoba, by 

isolating the strain DOAB397 from corn plants that were showing water soaked lesions and 

wilting, the main and typical symptoms of Goss’s wilt and leaf blight disease. Yet in 2015, 35% 

of the 53 surveyed fields were confirmed to be positive for Cn (Adam et al. 2016). So there is 

evidence that the incidence of the pathogen is increasing here in Manitoba. Figures 2.1 and 2.2 

depict the distribution and spread of Cn in Manitoba in 2015 and then a year later in 2016 where 

Cn was found in more rural municipalities across Southern Manitoba, where the disease spread 

North of Winnipeg and further West beyond Treherne Manitoba. This shows that the spread of 

Cn is rapid and could quickly spread throughout Manitoba and the rest of the Prairie Provinces if 

not kept in check and proper control methods such as tillage and cleaning equipment are utilized 

by producers. 
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Figure 2.1. Survey Map of Manitoba Conducted by Dr. Daayf Lab, MAFRD, and the Manitoba 

Corn Growers Association in 2015. Green Rural Municipalities represent areas surveyed but 

there was no lab proven Cn results found in the area, and red Rural Municipalities represent 

areas where Cn was positively confirmed in the lab. 
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Figure 2.2. Survey Map of Manitoba Conducted by Dr. Daayf Lab, MAFRD, and the Manitoba 

Corn Growers Association in 2016. Green Rural Municipalities represent areas surveyed but 

there was no lab proven Cn results found in the area, and red Rural Municipalities represent 

areas where Cn was positively confirmed in the lab. 

2.3.3 Goss’s Wilt and Leaf Blight Disease Cycle 

 Overwintering of the bacterium on the residues of corn tissue and other alternative hosts 

is the main source of inoculum for the disease (Wysong et al. 1981). The spread of Cn across this 

extensive region is most likely due to the spread of residue from field to field via equipment, 

winds, and rain storms (Wysong et al. 1981;Rocheford et al. 1989; Eggenberger et al. 2016). 

However, it has been shown that the bacteria itself can be spread via wind and storms while 
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being suspended in the air up to a period of 60-90 minutes in the form of an aerosol. This could 

explain how the bacteria has been able to be in such an expansive area across the United States 

and Canada (Eggenberger et al. 2016). The bacteria is believed to enter the plant from openings 

in the plants epidermis which could be caused by either hail damage, soil particle accelerated by 

the wind, turbulent weather, or herbivores feeding on leaves that can cause a wound (Wysong et 

al. 1981; Rocheford et al. 1989; Mallowa et al. 2016; Soliman et al. 2018). The bacteria will land 

on the plant leaf epidermis during rain storms when the rain cause the bacteria to splash off of 

already infected residue left in the field from the previous year onto the healthy corn plant 

(Jackson et al. 2007). Yet, it has also been observed that there can possibly be bacterial entry 

through natural openings such as stomata, as there have been cases of disease development in the 

absence of visible damage to the leaf with lesions initiating from the tip of the leaf and 

continuing in a downward progression towards the stalk of the plant (Mallowa et al. 2016). It has 

been reported that wounds on the epidermis of the leaf caused by insects feeding do not play an 

important role in the infection of Cn (Wysong et al. 1981). Residue infected with bacteria buried 

into the soil show a lessened survival rate of about up to 10 months compared to residue left on 

the surface of the soil, where the bacteria was able to survive for longer periods of time (Wysong 

et al. 1981). There is evidence that the pathogen can reside both within the seed and on the 

exterior of the seed, leading to the potential of disease spread from infected seeds (Wysong et al. 

1981). In addition to leaves and seeds as sources of inoculum, cobs, stalks, and ears are 

considered to be main sources of inoculum as well, essentially any part of the corn plant that is 

susceptible to the Goss’s wilt and leaf blight pathogen (Wysong et al. 1973; Wysong et al. 1981). 

The bacteria can be carried over in residue from previous corn crops which then enters the root 

system, and is more likely to occur in corn plants that are just in the seedling stage. This can lead 
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to systemic infection (Agarkova, et al. 2011; Mallowa et al. 2016). Another tested form of 

infection, is the spread of Goss’s wilt and leaf blight pathogen through infected corn seeds, and 

how well does the pathogen transmit from seed to plant in a growing season. Schuster (1975) and 

Block et al. (2019) re-evaluated the transmission rate from seed to plant, based on  95% upper 

confidence limits of 0.10% from findings in 2013,  it was realized that the maximum amount of 

transmission events would be 0.825, approximately less than 1 per hectare. So based on of these 

results, it was concluded that planting Cn-infected corn seeds occurs at such low rates and events 

that it does not really factor into the cause of possible outbreaks in fields (Block et al. 2019; 

Eggenberger et al. 2016). The major way how seed transmission may be considered a major 

player in the spread of Goss’s wilt and leaf blight pathogen is if the infected seed is introduced to 

a corn growing area that has not been exposed to the disease, in which that could be catastrophic 

(Block et al. 2019; Eggenberger et al. 2016).  

 Silage is another sector of corn production that has to consider the implications of 

infected corn tissue, and how it might contribute to the spread of disease. Even though there have 

been no direct studies related to Cn, other Clavibacter species have been shown to have a 

reduced survivability when exposed to the conditions exhibited in the production of silage, such 

as heat, microbial competition and low pH (Harding et al. 2018). With this known information, it 

can be assumed that corn destined for the production of silage will not pose a great threat of 

harbouring inoculum for future seasons compared to grain corn residues (Harding et al. 2018). In 

plants, the Goss’s wilt and leaf blight pathogen progresses the best at 27˚C, while at temperatures 

below 12˚C or above 40˚C the bacteria seems to slow down or even potentially die within 24 

hours of exposure to these temperatures (Claflin and White 1999; Smidt and Vidaver 1986). 

Tambong (2017) indicated that Cn had significantly less number of genes when compared to the 
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others Clavibacter species/subspecies, where Cn had 2201 protein encoding genes at the low end 

and Ci had 2341 protein encoding genes at the high end. This could indicate that it requires fewer 

genes to successfully colonize corn plants, compared to the other pathogenic bacteria explored in 

the study.  

2.3.4 Symptoms of Goss’s Wilt and Leaf Blight Disease on Corn 

 Early investigators first mistook Cn as a more virulent strain of Pantoea stewartii 

(formerly, Erwinia stewartii) as the symptoms were very similar (Schuster 1975). However, Cn 

does have distinguishable symptoms that differ from P. stewartii, such as dark green to black 

water soaked lesions which resemble freckles on the wilted tissue of the corn leaf which will 

then develop into scorched-like lesions on the plant (Pataky and Suparyono 1989). Cn is known 

to impact the plant in two different ways. When the pathogen enters the plant, Cn moves with the 

water in the plant, and causes lesions which vary in size and colour (Agarkova et al. 2011; 

Mallowa et al. 2016). These variations can be anything from a tan colour to a grayish hue if the 

infection is severe enough along with water soaked lesions, which are known as “freckles” and 

are considered to be the major distinguishing feature of the bacterial disease (Pataky and 

Suparyono, 1989; Jackson et al. 2007; Agarkova et al. 2011; Mbofung et al. 2015; Mallowa et al. 

2016). As the disease succeeds in necrotizing the plant, orange ooze (exudate) associated with 

the bacteria is produced through natural openings on the leaf surface. As the ooze dries it creates 

sleek clear streaks on the surface of leaf near the lesions which shimmer in the sunlight (Wysong 

et al. 1981; Jackson et al. 2007; Mehl et al. 2015; Mallowa et al. 2016; McNally et al. 2016). As 

the plant begins to die, this type of lesion will resemble the typical blight-like symptoms 

(Wysong et al. 1981). This style of infection usually occurs in older plants and throughout the 
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plants life cycle. In some rare cases, however, there can be enough inoculum in the leaves, 

causing the blight stage to develop into a wilt type infection (Mallowa et al. 2016). This form of 

the infection is considered to be the blight stage of the disease. Figures 2.3 and 2.4 depict 

symptoms of the blight disease under field conditions, the bacterial ooze (Figure 2.3) as well as 

highlighting the change from chlorosis/freckling to necrotic lesions (Figure 2.4). 

 For the systemic mode of infection, the symptoms occur at approximately the same 

timeframe as blight but instead can cause the whole plant to wilt. If this is serious enough it can 

cause the plant to senesce at any stage. This occurs when the bacteria are able to move within the 

plant through the xylem (Jackson et al. 2007). In the systemic infection, the pathogen impacts the 

vascular system of the plant, where in a cross section of the stalk of an infected plant, orange 

exudates appear within the stalk of the corn plant (Wysong et al. 1981). Orange-brown wet rotted 

tissue can occur on the intermodal pith and the nodal plates of the corn plant if the infection from 

Cn is severe enough which can lead to a rotting of the stalk. This can let off a putrid stench, that 

smells of rotting tissue, accompanied by slimy water-soaked lesions (Wysong et al. 1981). This 

stage is therefore known as the wilt stage of the pathogen, which under field conditions may 

resemble drought-like symptoms on the leaves due to the bacteria clogging up the vascular tissue 

preventing water and nutrients to reach the leaves (Wysong et al. 1981). A serious field wide 

epidemic of Goss’ wilt and leaf blight can cause upwards of 50% yield loss (Wysong et al. 1981; 

Agarkova et al. 2011; Tambong et al. 2015). The disease can impact any stage of the plant killing 

off seedlings earlier in the year, and not allowing tassel or ear formation in more mature plants 

(Wysong et al. 1981; Mehl et al. 2015). There are few methods to determine if the pathogen is 

present in the corn field besides basic visual observation, which as mentioned earlier can be 

easily confused with Stewart’s wilt. There is a portable ImmunoStrip assay produced by Agdia 
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Inc., Elkhart, IN that can detect closely related species such as Cm (Yasuhara-Bell and Alvarez 

2015). However, this test are not fully accurate based on  the fact that  1) they are specifically 

designed for Cm, not Cn  and 2) they can register positive from non-Clavibacter species, making 

them not trustworthy on their own (Yasuhara-Bell et al. 2016). Yasuhara-Bell et al. (2016) 

developed a loop mediated amplification assay (LAMP) while Tambong et al. (2016) reported a 

TaqMan real-time PCR assay for accurate diagnosis and detection of Cn. These assays are 

specific and are reported to not exhibit false-positives and false-negatives with other species of 

Clavibacter, or other bacteria genera, making them more reliable tools compared to the 

ImmunoStrips.    

 

Figure 2.3. Field photo corn infected with Cn, found in Manitoba, with typical Cn symptoms 

labelled on the corn leaf. 



20 

 

 

Figure 2.4. Close up photo of a corn leaf from the field infected with Cn, with typical Cn 

symptoms labelled. 

2.3.5 Alternative Hosts 

 It has been observed in corn fields, that some select weeds are naturally colonized by Cn 

such as Seteria viridis (green foxtail) and Sorghum bicolor (shattercane) (Schuster 1975). 

Schuster (1975) also conducted greenhouse inoculations on a variety of other hosts to determine 
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if they were susceptible or resistant to Cn. Among the plant species determined to be susceptible 

towards the Cn pathogen aside from the species found in the field with natural infection were: 

Euchlaena mexicana (teosinte), Tripsacum dactyloides (Eastern gama grass), Saccharum 

officinarum (sugarcane), Sorghum vulgare (grain sorghum) and Sorghum vulgare sudanense 

(sudangrass). The following plant species were considered to be resistant to Cn during these 

experiments: Hordeum vulgare (barley), Avena sativa (oats), Setaria pumila (yellow foxtail), 

Beta vulgaris (sugar beet), Lycopersicon esculentum (tomato), and Solanum tuberosum (potato), 

along with a variety of other grass and broadleaf species important to agriculture. E. mexicana, S. 

viridis, and T. dactyloides all showed similar symptoms to corn when infected with Cn, whereas 

S. officinarum, S. bicolor, S. vulgare, and S. vulgare sudanense showed atypical symptoms 

which were not as defined as on corn (Schuster 1975). The plant species with atypical symptoms 

when infected with Cn showed symptoms such as a red discoloration along the veins, along with 

short to long red colored, irregularly shaped lesions running along the vein of the plant, where 

the freckles on the leaves were disguised by the leaf itself turning red (Schuster 1975). However, 

a study conducted by Langemeir et al. (2014) showed that S. pumila is actually a potential host 

for Cn, which is contradictory to what was reported by Schuster (1975). In addition to 

reconfirming S. viridis as a host for Cn, two other foxtail species, Setaria faberri (giant foxtail) 

and Setaria verticillata (bristly foxtail) were included as potential hosts for Cn in this particular 

study (Langemeier et al. 2014). A study conducted by Ikley et al. (2015) confirmed the results of 

Langemeier et al. (2014) about the foxtail species tested, and that S. pumila is indeed an 

alternative host for Cn. In addition to that, it was confirmed that S. bicolor is also a host to Cn, as 

previously mentioned (Schuster 1975). Sorghum halepense (johnsongrass), Lolium multiflorum 

(annual ryegrass), and Digitaria sanguinalis (large crabgrass) were recently found to be 
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alternative hosts in greenhouse inoculations with Cn (Ikley et al. 2015). Ikley et al. (2015) also 

concluded that the following plant species were non-hosts: Echinochloa crus-galli 

(barnyardgrass), Secale cereale (cereal rye), Ambrosia artemisiifolia (common ragweed), 

Amaranthus tuberculatus (common waterhemp), Solanum ptychanthum (eastern black 

nightshade), Ambrosia trifida (giant ragweed), and Amaranthus palmeri (palmer amaranth). 

Wysong et al. (1981) mentioned in their report that E. crus-galli is an alternative host of Cn 

under normal field conditions, but Ikley et al. (2015) had results to the contrary. 

2.3.6 Disease Management 

 Keeping alternative hosts, such as S. viridis and S. bicolor, under control using methods 

such as chemical plant control and tillage in order to reduce host populations is one method to be 

used in order to control the disease (Ikley et al. 2015). Considering that L. multiflorum is a 

commonly used cover crop in certain areas that grow corn, limiting the continuous growth of this 

particular crop may be a good disease management strategy to implement because growing L. 

multiflorum may act as a green bridge to the following season if the cover crop is infected with 

Cn (Ikley et al. 2015). The fact that S. cereale is a non-host works well with the idea of crop 

rotation as a means of disease management as a producer can throw in a known non-host 

monocot into their crop rotation and not risk potential inoculum build up for the next growing 

season and future growing seasons (Langemeier et al. 2014; Ikley et al. 2015). Residue 

management of both corn and potential alternative hosts is a major factor in controlling the 

disease as the pathogen is residue-borne, and when infected residue is present it will carry over 

Cn to the vulnerable crop (Langemeier et al., 2014). It has been suggested that deep tillage is 

probably one of the best practises that a farmer can easily implement to use in order to reduce 
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inoculum in the field (Claflin and White 1999; Mehl 2015). Mehl (2015) studied the effects 

different tillage strategies have on the disease severity and yield impact that Cn has on corn. It 

was found that both chisel plow and moldboard plow significantly reduced the disease severity 

of Cn on corn when compared to no till strategies (Mehl 2015). In terms of yield impact that 

tillage has on corn infected with Cn, moldboard plow led to a statistical increase in yield over no 

tillage, and there was no statistical difference between chisel plow and no tillage. As such, deep 

tillage achieved with moldboard plows reduced the impact of Cn on corn but did not eliminate 

the disease entirely, as it was able to reduce more inoculum than other tillage methods (Mehl 

2015). However, in areas where there is major concern for soil conservation, managing field 

residue is not a feasible management strategy, especially as moldboard plow is extremely 

destructive towards the health of soil (Wysong et al. 1981; Mehl, 2015; Mehl et al. 2015). 

Another potential method of control that is considered to be risky in terms of soil erosion and 

soil health is the burning of stubble, but might not be the most feasible control method (Wysong 

et al. 1981).  

 The most commonly used tool in the agricultural world today has also been explored; 

genetic resistance against pathogenic attack, which is definitely the most sustainable of all 

practises. Resistance to Cn is not solely tied into genetics, but also is influenced by the age of the 

plant, typically with plants at the 3-5 leaf stage are most susceptible to the disease while plants in 

the 7-9 leaf stage are usually more tolerant. However, susceptible corn lines are susceptible at all 

stages, but for moderately susceptible lines, resistance to Cn increases as the plants mature 

beyond the 3-5 leaf stage (Pataky and Suparyono 1989). Resistance towards Cn is more so tied to 

multiple genes with minor effects, which suggests quantitative resistance reactions opposed to 

qualitative gene reactions (Claflin and White 1999; Cooper et al. 2019; Harding et al. 2018). It 
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has been observed in corn hybrids, dating back to the late 1980s that hybrids that exhibit early 

maturity do show an increased susceptibility to Cn, when compared to hybrids with intermediate 

or later maturity (Rocheford et al. 1989). However, despite resistant lines being used as means to 

reduce yield loss and inoculum build up in a field, there are several draw back to resistant lines, 

as they do not have the same yield potential and agronomic upsides exhibited by many 

susceptible and moderately susceptible lines, a reason why they are still grown (Pataky and 

Suparyono 1989; Rocheford et al. 1989). Still with lines being developed constantly, breeders are 

still looking at ways to incorporate the high resistance genes found in varieties with less 

desirable agronomic traits with the more desirable ones that lack resistance (Rocheford et al. 

1989). Pataky and Suparyono (1989) showed that regardless of their level of resistance towards 

Cn, when disease severity was below 40%, yield was not impacted as much, but conversely 

when disease severity was greater than 40%, yield would then be significantly reduced. The seed 

production companies do not have many corn lines that are resistant towards Goss’s wilt and leaf 

blight. In 2007, less than 25% of the seed production companies in Nebraska did not even screen 

for Goss’s wilt and leaf blight due to the lack of severity or even recognition of the disease on 

the crop (Jackson  et al. 2007). It has been suggested that corn hybrids with introduced 

resistances to herbicides and insects such as glyphosate resistant lines (GR) and Bacillus 

thuringiensis (Bt) may have a negative impact on the ability of corn varieties with these traits to 

fend off diseases such as Goss’s wilt and leaf blight (Williams et al. 2015). Lines with the GR 

trait are known to be resistant to the group 9 herbicide that is known to kill off most weeds and 

crops that are not resistant to it, so it a key herbicide for weed control for farmers. Corn lines 

with the Bt trait are lines that make corn plants resistant to insects such as European corn borer, 

as Bacillus thuringiensis, is a soil borne bacterium that produces insecticidal toxins, that the 
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insects ingest when feeding on corn and then die off. However, Williams et al. (2015) 

determined that transgenic lines with the GR and BT traits have no negative impact in the plants 

ability to evade Goss’s wilt and leaf blight pathogen when compared to varieties of corn without 

these traits. In terms of chemical control of Cn, well-known bacteria inhibiting chemicals, e.g. 

citric acid and copper hydroxide, were tested at varying application rates and showed no 

significant impact on the reduction of the disease severity and yield of corn (Mehl et al. 2015). In 

another study, it was found that other chemicals such as Headline AMP, 42 PHI Cu, Procidic, 

and Kocide 3000 also had no impact on reducing the disease severity of Goss’s wilt and leaf 

blight when compared to inoculated non-treated plants (Wise et al. 2013). Yet, it should be noted 

that in the study that even though Headline AMP did not reduce the disease severity, the 

chemical did have a significant impact on yield increase in the treated plants. However, the study 

suggested that this may have to do with the added benefits of Agcelence® which causes greater 

vitality, standability, and reduction in abiotic stresses in plants treated with Headline AMP (Wise 

et al. 2013; BASF.com). It has been documented that lithium chloride (Mehl et al. 2015 ) has 

shown inhibitory effects towards Cn in vitro (Smidt and Vidaver 1986). Lithium chloride is used 

in Corynebacterium nebraske semi-selective medium (CNS) in order to inhibit the growth of 

gram-negative bacteria, however, it was shown to inhibit the growth of Cn on CNS media 

supplemented with LiCl and when LiCl was amended to Nutrient Broth Yeast Extract media 

(NBY)  (Smidt and Vidaver 1986). What makes their findings interesting is that Cn is a gram-

positive bacterium, and LiCl is used to inhibit the growth of gram-negative. Based on the 

information provided by the studies of Mehl et al. (2015), Smidt and Vivader (1986) and Wise et 

al. (2013) concluded that it is not feasible to control this pathogen using chemical options. The 

best options are rotation, tillage for the purpose of residue management, controlling potential 
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alternative hosts, and planting resistant varieties which is the best strategy (Wysong et al. 1981; 

Langemeier et al. 2014; Ikley et al. 2015; Mehl 2015). 

 

2.4 Corn-CN Interactions 

2.4.1 Mechanisms of Infection of Clavibacter sp. and other bacterial diseases on host plants 

 Not much is known on how Cn interacts with the corn plant in order to successfully infect 

the plant. One probable reason is that it is typically difficult to genetically manipulate gram-

positive bacteria in order to understand what mechanisms are occurring in planta (Xu et al. 

2010). Mbofung et al. (2015) hypothesized that Cn does use some sort of cell-wall degrading 

enzymes in order to properly infect the plant and enter the xylem and then the subsequent leaves 

of the corn plant. However, little is known about what exact genes and processes are actually 

implicated by Cn in order to infect the plant. Cn could be using a method of colonization of the 

xylem annular and spiral rings to form a foundational layer of additional cells progressing into 

the lumen and adhesion to the plant tissues by quorum sensing, a system used by other plant-

pathogenic bacteria (Mbofung et al. 2015). Ahmad et al. (2015) was able to determine that Cm 

and Cs contained their virulence factors within plasmids, and that Cn also contained plasmids, 

but since both non-pathogenic and pathogenic strains of the bacteria did contain the plasmids, 

they were able to speculate that Cn’s virulence is not plasmid borne based off of their findings. 

Not many genes or proteins have been identified as a virulence factors in Cn, however the 

chloride anion channel (CAC) protein which is membrane activated has been partially 

characterized and is believed to have similar activities to that of colicins and the Hm-T toxins 

(Ahmad et al. 2015). Unlike gram-negative bacterium, Cn does not possess the Type III secretion 
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system to secrete its virulence factors into the host plant, but it does use the type II secretion 

system in order to infect the corn plant and dispense its virulence factors, yet not much is known 

on the system (Hu et al. 2018). The difference between the two systems is that in the type II 

secretion system it is typically a two phase system that uses a pseudopilus to push its exoproteins 

through the secretin channel into the extracellular environment, whereas the type III secretion 

system uses a needle-like apparatus to inject its virulence factors into the host cell (Cisneros et 

al. 2011; Tomalka et al. 2012) However, there are more papers out there that outline how 

members of the genus Clavibacter do interact with their hosts. 

 Cm is known to enter tomato plants as an endophyte (Sharabani et al. 2014; Gleason et al. 

1991), through natural openings like stomata, wounds in the plant or through infected seed 

(Tancos et al. 2013). Once the bacterium is within the plant it starts to form biofilm-like 

structures within the xylem vessels to aid in the colonization and movement within the plant 

(Tancos et al. 2013; Savidor et al. 2012). It is when this occurs that Cm transitions from an 

endophyte to a pathogen (Sharabani et al. 2014). Once the colonies of the bacterium reach a 

colony forming units per g (CFUs/g) of over 10
8
, which can take anywhere from 5-7 weeks after 

the epiphytic pathogen first colonizes the plant,
 
visual symptoms such as wilting, fruit rot, canker 

formations, and necrosis begin on the plant (Tancos et al. 2013; Gleason et al. 1991; 

Chalupowicz et al. 2012).  

 The study conducted by Xu et al. (2010) looked at adding bioluminescence genes 

produced by the genes luxCDABE in order to track bacterial colonization into the tomato plant 

and its seed by the bacterial pathogen Cm. Through the experiment they were successful in 

determining that bacterial transmission, at least through their experiment, is more prominent on 

the seed versus the plant, with evidence of more photon energy being emitted from the bacterial 
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cells on the seed coats being higher than on the radicles of the plant (Xu et al. 2010). Also, it 

could be that the bacterial colonies produced more electrolytes at the site of infection, which are 

known to promote bacterial growth (Xu et al. 2010). The ability for Cm to become pathogenic 

towards tomato plants, is based on virulence genes that are located within the plasmids and the 

presence of chp/tomA pathogenicity island (PAI) within the chromosome of the bacteria 

(Sharabani et al. 2014; Nandi et al. 2018; Savidor et al. 2012; Ialacci et al. 2016). The tomA part 

of the PAI is known to produce an enzyme known as tomatinase, which is responsible for the 

destruction of the tomato plants basal defense gene known as tomatin (Nandi et al. 2018; Ialacci 

et al. 2016). Virulence within the commonly known wild type strain NCPPB382, is controlled 

primarily by two plasmids pCM1 and pCM2, in which if either are not present within the 

bacterium there is no possibility for infection on tomato (Sharabani et al. 2014; Tancos et al. 

2013; Savidor et al. 2012). Serine proteases are an important factor that plays a role in the 

colonization of the plant tissue by destroying cellular tissues and manipulating the cell 

physiology. These proteases are produced by pCM2, known as pat-1, whereas pCM1 produces a 

cellulase, celA, an enzyme that degrades cell walls, due to the activity of endo-β-1,4-glucanase 

(Sharabani et al. 2014; Nandi et al. 2018; Savidor et al. 2012; Ialacci et al. 2016). The 

importance of these serine proteases to Cm infection in tomato, are evident on the high 

expression levels found within the xylem and sap of the tomato plant (Chalupowicz et al. 2012). 

Along with the cellulase production, other cell wall degrading enzymes are secreted by the 

pathogen to infect the plant, such as xylases and pectate lyases (Nandi et al. 2018). Other 

enzymes that have been linked to Cm infection of the tomato plant are endocellulase, 

polygalacturonase, and pectin-methylesterase (Savidor et al. 2012). In addition to enzymes 

related to pathogenicity, Cm produces the proteins perforin and sortase, which are directly 
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associated with the foliar infection symptoms on the tomato plant (Nandi et al. 2018). Any 

mutant of the Cm strain which does not possess any of these factors contributing to infection, 

such as the deletion mutant CMM27 which lacks the chp/tomA PAI, will have a reduced 

virulence against tomato (and tobacco) plants, as they ensure effective movement in planta 

(Sharabani et al. 2014; Nandi et al. 2018). Any deletion of these factors will impact not only the 

virulence but the phenotypic expression of the Cm strain, for example, Nandi et al. (2018) 

indicated that the deletion of pCM1 and pCM2 produced a strain such as CMM100, which does 

not produce a wilt, or CmmCASJ001, which naturally lacks pCM2, but upon deletion of pCM1 

within this strain it no longer exhibited the canker formation associated with Cm.  

 Cs which infects potato and causes the disease known as potato ring rot, like Cm, also 

uses biofilm formation in order to colonize host and then spread throughout the plant 

(Omelichkina et al. 2017). These bacterial structures are used to attach the pathogenic colonies to 

the plant tissue surface and within the plant tissues (xylem and phloem) and are surrounded with 

a polysaccharide matrix, which can contain other elements such as soils and debris aside from 

polysaccharides, which are necessary for the formation of the disease (Omelichkina et al. 2017). 

The presence of these biofilms is a good indicator of the virulence present within 

phytopathogenic bacteria due to biofilm formation produced enough to cause blockage within the 

xylem, leading to less transpiration by the potato plant. This leads to wilting and for the plant to 

produce tolerances response to the microbial compounds present within the biofilm 

(Omelichkina et al. 2017; Bishop and Slack 1992). Cs is known to have 2 virulence factors that 

help induce disease in the potato plant, one of these is endo-β-1,4-glucanase, CelA, which is a 3 

domain enzyme which consists of cellulose-binding domain, a catalytic domain and a C-terminal 

region. This enzyme is known to attack the cell wall and middle lamella first and aids to the 
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proper colonization of the plant by destroying the cell wall with the use of cellulases (Holtsmark 

et al. 2008). The second known virulence factor of Cs is the not-yet-fully described hyper-

sensitive response inducing protein that triggers the HR response within the plant (Holtsmark et 

al. 2008). However, the study of Holtsmark et al. (2008) reported other virulence factors that 

play a role in the degradation of cell walls by Cs to the potato plant. In addition to CelA, other 

cellulase producing virulence factors, such as CelB and Xyl0087, were shown to be upregulated 

during infection, along with two homologues of Pat-1 (similar to that of Cm).  Omelichkina et al. 

(2017) described that Cs, like Cm, uses serine proteases and tomatinases in order to supress any 

defense reactions towards novel pathogen infection, by disrupting the Pattern recognition 

receptors system which in turn blocks the pattern-activated immunity found in potatoes, in 

addition to the other virulence factors described previously (Holtsmark et al. 2008). Omelichkina 

et al. (2017) observed that in the control “susceptible” potato varieties, the pathogen was able to 

supress ROS production, even after there were original higher levels of ROS production in the 

earlier stages of infection in order to successfully colonize the plant tissue. 

 Ci  the causal agent of the bacterial wilt in alfalfa, is once again very similar to Cm and 

Cs in that it invades the xylem and causes wilting within the plant (Heidari and Khodakaramian 

2012).  Ci cells are reported to clog the xylem, through methods similar to that found in Cs and 

Cm, by the production of exopolysaccharides (similar to the biofilm), allowing the pathogen to 

bypass the plants defence responses (Heidari and Khodakaramian 2012). 

 Pantoea stewartii, the causal agent of Stewart’s wilt in corn, is one of many bacteria that 

are plant-pathogenic that carry hrp clusters; which are clusters of genes that elicit a HR as well 

as pathogenicity in susceptible host plants (Ahmad et al.  2005). Within these hrp gene clusters 

there are several different proteins and genes that assist in the successful infection of a plant. One 
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of these proteins is known as harpin which is heat stable, protease sensitive and glycine rich 

(Ahmad et al. 2005). This harpin protein is responsible for the induction of HRs and the 

pathogenicity of bacteria like P. syringae and E. amylovora (Ahmad et al. 2005). Aside from the 

harpin protein within these gene clusters of hrp, the other functions of these proteins are 

important to the colonization of plant tissues, such as the secretion of extracellular proteins, the 

regulations of the actual hrp genes, as well as other extracellular pathogenicity related functions 

(Ahmad et al. 2005). The hrp gene cluster proteins are also responsible for the type III Sec 

Independent secretion pathway found in many gram-negative bacteria. This pathway is found in 

bacterial pathogens of both plants and animals and control the amount of secreted extracellular 

pathogenicity proteins (Ahmad et al. 2005). The water-soaked lesions which occur on corn after 

the infection of P. stewartii, is known to be caused by a hrp gene-like cluster called wts (water-

soaking) (Ahmad et al. 2005). In the study performed by Ahmad et al. (2005), they determined 

that even with hrp-like gene cluster that produces the wts gene encoding the harpin proteins, the 

harpins have no effect on pathogenicity within the host corn plants. Instead, the pathogenicity is 

caused by other genes within the wts/hrp-like gene cluster, as it still causes HR on the corn plant. 

2.4.2 Corn Responses to Infection from other diseases 

 Just like the lack of knowledge on how Cn interacts with corn, little is known on how the 

corn plants respond to colonization by Cn. There are, however, more research articles covering 

this subject looking at what mechanisms corn deploys against other pathogens. This could 

provide baseline information to studying Cn-corn interactions.  

 The most basic plant-defence mechanism observed in nature is the HR of plants under 

attack by microbial pathogens. With this basic mechanism, many invading pathogens could be 
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deprived of successful colonization of the plant tissues. The HR is the response carried out by the 

plant in reaction to the invasive presence of a pathogen. This occurs at the site of the infection in 

order to control the spread of the pathogen to other parts of the plant, thus stopping disease 

progression to  neighboring cells (Lamb et al. 1989; Stintzi et al. 1993; Omelichkina et al. 2017). 

One of the more advanced HRs carried out by the plant is known as programmed cell death 

(PCD), in which the first cell infected by the pathogen dies to prevent the spread of the pathogen  

within the plant (Owusu et al. 2019; Lamb et al. 1989; Olukolu et al. 2013; Omelichkina et al. 

2017). This is typically seen in plants with qualitative plant resistance systems as opposed to 

those with quantitative plant resistance. Quantitative disease resistance is widely achieved 

throughout the plant breeding industry. However, because of its non-specific nature and multiple 

mechanisms implicated, it is considered to be only moderately effective in terms of actual 

disease resistance and the results vary. It is also considered to be very durable (Chung et al. 

2010), whereas qualitative resistance could break down quickly if over-used.  In order to achieve 

a PCD, R-genes (or other related pathogen detecting genes) will initiate the production of ROS 

and NO, which are toxic to the cells, and therefore killing  the cell in order to stop the progress of 

the pathogen in the plant (Omelichkina et al. 2017; Owusu et al. 2019). Therefore, any factors 

that, in any way, impact the levels of ROS and NO, are vital in how the plant responds to onset 

of disease, as they control PCD and HR responses (Owusu et al. 2019). One of the major players 

behind the HR is the idea that every pathogenic gene carried by a pathogen has a corresponding 

gene within the plant that induces infection, known as the “gene for gene” theory. Otherwise, the 

plant will induce a HR in order to prevent the spread of the virulent or avirulent gene of the 

pathogen which are triggered primarily by pathogenesis- related proteins (PR) (Lamb et al. 1989; 

Stintzi et al. 1993). These PR proteins are responsible for producing glucanases and chitinases, 
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along with a variety of other compounds which are important to the production of secondary 

metabolites and the ability to strengthen the cell wall within the plant to impede the progress of 

pathogen attack (Campos-Bermudez et al. 2013). A majority of the PR genes which are 

responsible for the gene-for-gene type of resistance, like the Rp1-D protein, contain a nucleotide 

binding site and a leucine rich repeat region, which are largely responsible for resistance in 

monocots and dicots against viruses, bacteria, fungi, and nematodes (Collins et al. 1999). In most 

cases where genes are upregulated in order to produce a resistance reaction, they are normally 

triggered earlier in the plant-pathogen interaction between minutes and a few hours after 

inoculation. For example, Allardyce et al. (2013) showed that most of genes required for 

resistance were at their highest expression levels at 6 hours after infection, but were either 

trending downwards or at their basal levels 24 hours post inoculation (hpi). The accumulation of 

O2- (the superoxide radical) and H2O2 (hydrogen peroxide) by the oxidation of NADH, are major 

factors in the active oxygen species defense mechanism employed by plants in order to kill 

pathogen-compromised cells, very closely related to PCD (Vera-estrella et al. 1992; Owusu et 

al., 2019). However, with the accumulation of these active oxygen species within the plant, it can 

be very toxic to the plant as a whole where it can cause irreparable membrane damage to the 

cells (Vera-estrella et al. 1992). So the plant needs a mechanism in order to diffuse and take 

away the toxic effects of the oxygen species. For plants to take away the ill effects of the oxygen 

species, ascorbate-specific peroxidase activity, together with glutathione reductase and 

dehydroascorbate reductase are deployed, the mechanism known as the Halliwell-Asada or 

ascorbate-GSH pathway (Vera-estrella et al., 1992). In this pathway, ascorbate is oxidized to 

monodehydroascorbate, and then ascorbate is regenerated in a glutathione (GSH)-dependent 

reaction catalyzed by dehydroascorbate reductase. Finally, the GSH disulfide is reduced back to 
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GSH in a reaction that involves GSH reductase and NADH (Vera-estrella et al. 1992). Other 

systems activated in order to eliminate invading plant pathogens and contribute to disease 

resistance are the salicylic acid (SA) pathways. SA pathway is typically induced by biotrophic 

pathogens, as well as the jasmonic acid and ethylene pathways, which are typically induced in 

the presence of necrotrophic pathogens (Allardyce et al. 2013). 

 In a study conducted on a mutated cloned of Rp1-D, a protein responsible for the 

resistance of rust in corn, led to the discovery of  a phenotypic chimeric protein known as Rp1-

D21, which when activated will cause lesions to the corn plant, without the presence of the rust  

pathogen (Collins et al. 1999; Olukolu et al. 2013). Phytoalexins, which are low mass 

antimicrobial compounds are known to accumulate within cells in response to pathogen attack to 

the plant (Stintzi et al. 1993; Allardyce et al. 2013). Another response to the infection of 

pathogens to plants acts on the fortification of their cell walls with molecules such as 

carbohydrates, proteins, hydroxyproline-rich glycoproteins, and aromatic polymers such as 

lignans in order to prevent cell wall breach by microbial pathogens (Stintzi et al. 1993).  

 In a study performed by Lopes et al. (2011), it was determined in tropical maize 

populations that resistance to Phaeosphaeria maydis, the causal agent to phaeosphaeria leaf spot 

in corn, is a highly heritable trait amongst corn lines. Based on the AUDPC of two growing 

seasons in Brazil, Lopes et al. (2011) were able to correlate the resistance to phaeosphaeria leaf 

spot to the inheritable resistance  genes from the parental lines to the F2:3 populations instead of it 

being purely environmental given that the reductions in disease severity where experienced in 

both growing seasons 1 and 2 of the experiment, even though during season 2 the conditions 

were more conducive for phaeospharia leaf spot infection. Studies like this one show that disease 

resistance is in fact a heritable trait, regardless of environmental factors. In some fungal infection 



35 

 

reactions by corn, the plant oxidizes phenolic compounds to promote lignification and 

suberization of the cell walls, which will in turn kill the host cell, and then seal off the region of 

infection (Mbofung et al. 2015). , This is, thus, a mechanism of resistance triggered by the host 

plant. 

 In a study by Allardyce et al. (2013) targeting the soilborne oomycete, Phytophthora 

cinnamomi, they determined that certain genes, such as PR5 which is related to pathogenesis, 

Tps11 which is related to zealexin production, and An2 which is related to kauralexin production, 

where all upregulated during pathogen attack, and produced their own types of phytoalexins that 

are effective against pathogen. This necrotrophic fungus, also  activated the jasmonic acid and 

ethylene pathways, in which ethylene synthesis is greatly required for the induction of NADPH 

oxidase, a major producer of ROS production (Owusu et al. 2019). In order to induce proper HR 

to stop the spread of P. cinnamon within the corn plant, simultaneously activation of terpenoid 

biosynthetic pathway and the production of other molecules that are toxic to fungi are also 

required (Allardyce et al. 2013). 

 Rocheford et al. (1989) suggested that a gene located on the chromosome arm 4S in 

maize hybrids and inbred lines was directly related to controlling the resistance/susceptibility 

factor towards Cn, even though they did concede that genotype by environment interactions did 

indeed have an impact on their study. This study was one of a few that actually took in depth 

look into the genetic resistance to Cn in corn lines. Mbofung et al. (2015) concluded, despite 

infection on the corn tissues from Cn, that the phenolic contents within the cells did not differ 

from non-infected tissues, determining that phenolics may not play a part in Cn resistance, unlike 

in fungi. Also, Hu et al. (2018) discovered a resistant gene, rp1, which is known to confer 

resistance to Puccinia sorghi, the causal agent of common leaf rust, as HR-like resistant 
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responses were observed within multiple halotypes carrying this gene. This rp1 locus is 

responsible for encoding nucleotide binding site/leucine rich repeat proteins, and are able to 

identify the presence of effectors released by the pathogen Cn (Hu et al. 2018). In a study 

performed by Owusu et al. (2019), they looked at how the suppression of the phytoglobin 

ZmPgb1.1 impacts the resistance to Cn in the corn plant. Phytoglobins are considered to be NO 

scavengers. As scavengers, they reduce the levels of NO present within the cell in order to 

prevent PCD (which could happen from drought or other abiotic stresses). As such, the presence 

of an infection can ultimately lead to the infection progressing as NO is one of the factors 

required to trigger PCD, and ultimately stop disease progression (Owusu et al. 2019). After 

supressing ZmPgb1.1, it was observed that there was an increase in the amount of HR in the 

form of PCD’s which lowered the disease severity of Cn on the corn plant, by having shorter 

lesions (Owusu et al. 2019). In this experiement they also noticed an upregulation of certain 

genes known as respiratory burst oxidase homolog’s (RBOH) that are major producers of ROS, 

specifically rbohA and rbohD, which are responsible for releasing hydrogen peroxide and super 

oxide at increased levels around the initial infection site (Owusu et al. 2019). Also, the authors 

noticed that early on in the infection process the proteins, PR1 and PI, were upregulated in plants 

with suppressed phytoglobin (Owusu et al. 2019). PR1 has also been associated with the late 

defense response of tobacco plants when inoculated with Pseudomonas syringae pv. maculicola 

(Owusu et al. 2019; Seregélyes et al. 2004). 
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3 Materials and Methods 

3.1 Plant Material 

 The two inbred corn lines (CO 447 and CO 450) used in this study were provided by Dr. 

Lana Reid (Agriculture and Agri-Food Canada, Ottawa, Ontario) and do not share parental 

lineage. The two lines were screened by Pioneer and by Dr. Daayf’s lab in the field, at the behest 

of Dr. Lana Reid, and determined to be susceptible and tolerant to Cn infection respectively. 

3.2 Clavibacter nebraskensis (Cn) Strains 

 Three separate strains of Cn were selected for this experiment based on preliminary 

pathogenicity studies. The type strain DOAB 232 (=LMG 3700) was determined to be a low 

aggressive strain while  another strain, CMN 14-5-1 isolated from corn fields in Manitoba was 

determined to be highly aggressive. A third strain, also isolated from corn fields in Manitoba in 

the 2015 season, CMN 15-18-2, has an unknown level of aggressiveness towards corn. The 

levels of aggressiveness are based off of the disease severity values that each strain produces on 

the plant. 

3.3 Inoculation Preparation 

 Cn inoculum was prepared in order to successfully infect the corn plants. Briefly, for 

each strain, glycerol stocks were taken out from -80˚C freezer and 100 µL of the stock was 

spread on NBY media where a 500 ml of the NBY media consisted of: Nutrient Broth 4.0 g, 

Yeast Extract 1.0 g, K2HPO4  1.0 g, KH2PO4 0.25 g, Glucose 1.25 g, Agar 7.5 g. When the 

solution was mixed and cooled 0.5 ml of a sterile solution of 1M MgSO4.7H2O (13.84 g of 

MgSO4.7H2O in 100 ml dH2O for 1 Molar) was added. In a sterile laminar flow hood, the 
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solution was poured into plates, and upon solidification of the media, the Cn inoculum was 

added. The plates were then incubated at ~26˚C in an incubator (Thermofisher, USA) for 3-5 

days to ensure bacterial growth. After sufficient colony growth was detected, plates were 

transferred to a sterile Laminar flow hood (Microzone Corporation, Ontario Canada) and the 

colonies were washed with approximately 50 µL of Phosphate Buffer (2.5 x10
-3

 g/L K2HPO4 and 

2.5 x10
-3

 g/L KH2PO4, pH 6.7). A sterilized loop was used to disrupt the colonies. A pipette was 

used to dispense the mixture into a 50-mL falcon tube and the volume made-up with 25 mL of 

phosphate buffer to dilute the inoculum to a given colony count. The falcon tubes were then 

vortexed to ensure proper mixing of the inoculum. The concentration of the inoculum was 

adjusted to an optical density, at wavelength of 600 nm (OD600), reading of around 1 as 

previously described (Agarkova et al. 2011). If an OD600 of 1 was not reached, based on what the 

reading was (high or low), the proper measurement was taken either by adding more colonies or 

by adding phosphate buffer. Prior to inoculation in the growth chambers, the concentration of the 

inoculant was adjusted to 1 × 10
7
 colony forming unit (cfu)/ml. Phosphate buffer (PPB) was used 

as the check for the spectrophotometer readings. The prepared inoculum was immediately used 

in the greenhouse for pathogenicity screening studies. This process was carried out three times. 

3.4 Plant Preparation 

 For the pathogenicity testing, 144 corn plants were used to complete 2 of the 3 

experiments. The final pathogenicity tests in which no tissues were collected for molecular 

analysis, 48 plants in total were used. In order to ensure that all potential surface pathogens on 

the seed were eliminated, 80 seeds of each of the two inbred lines (30 seeds each for the final 

experiment) were soaked in a solution of 5% bleach for 5 minutes for the purpose of a surface 
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sterilization and rinsed with reverse osmosis (RO) water 3-5 times to wash the bleach solution 

off.  The surface-disinfected seeds were transferred to glass petri dishes containing 3 filter papers 

pre-wetted with RO water. The seeds were then incubated at room temperature until the 

coleoptile was visible, around 5-6 days and 95% of seeds were at this stage. Once the seeds were 

germinated, they were transplanted into soil media mixture of LA4 sunshine mix (LA4; Sungro 

Horticulture, Bellevue, WA, USA) and Cornell mixture (1 bag: 100 g calcium carbonate, 150 g 

osmocote, 120 g superphosphate, 2 g fritted trace elements, 15 g chelated iron [13.2%], 0.7 g 

chelated zinc [14%]), to allow for seedling growth on trays in a controlled growth chamber. The 

seedlings stayed in this media in a controlled growth chamber until the 3-leaf stage, after which 

they were transplanted into single1- gallon pots containing the same media. Plants were fertilized 

with a blend of 13-12-12 Hanging Basket Blend (Acernt, Canada) once at about 150g, as this 

product had a controlled release feature, which would allow the fertilizer to last months under the 

growth room conditions (22˚/18˚C day/night with a photoperiod of 16/8 hrs light/darkness at ~ 

50% relative humidity). They were watered heavily the first day, and then watered normally 

every 2-3 days depending on the plants water uptake. The plants remained in the growth room 

for their entire period and were inoculated at the 5-7 leaf stage (depending on the inbred line). 
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3.5 Experimental Layout 

Table 3.1. Experimental Design for Growth Room Layout for corn plants to be inoculated with 

Cn. 

Experimental Design for each Variety (CO 447 + CO 450) 

Treatment 
Time Post 

Inoculation  
Sampling+Rating Rating only 

Unwounded 

  Rep1 Rep2 Rep3 

15 minutes 
Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

2 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

4 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

6 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

Wounded + PPB Buffer 

15 minutes Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

2 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

4 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

6 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

8 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

10 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

Wounded + DOAB 232 

15 minutes Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

2 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

4 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

6 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

8 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

10 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

Wounded + CMN 14-5-

1 

15 minutes Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

2 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

4 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

6 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

8 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

10 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

Wounded + CMN 15-

18-2 

15 minutes Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

2 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

4 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

6 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

8 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 

10 Leaf – 3,4,5 Leaf – 3,4,5 Leaf – 3,4,5 
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Each corn inbred line was divided into treatments and time intervals. There were 6 time intervals 

used for this experiment, 15 mins post inoculation, as well as 2, 4, 6, 8, and 10 days post 

inoculation. There were also 5 inoculation treatments applied to the plants: unwounded control, 

wounded plus PPB, wounded plus CMN 14-5-1, wounded plus CMN 15-18-2, and wounded plus 

DOAB 232. For the first two experiments, 72 plants of each line were planted and 60 of the 72 

plants were collected for further molecular analysis. The only time not rated for lesion length and 

disease severity is 15 mins post inoculation as there was no potential disease lesion to rate at this 

time. So this time was used solely for downstream analyses. The only treatment not measured in 

terms of disease severity or lesion length was the unwounded treatment, as there was not damage 

applied so they were not required to be rated from days 2 – 6 days post inoculation. For the 

unwounded control there were no plants for 8 and 10 dpi as they were not required for molecular 

analysis.  Twelve plants, however, were kept for the required molecular analysis. For the other 

treatments, 3 plants for each treatment were rated for disease severity and lesion length for each 

time period from 2 – 10 days post inoculation. So a total of 12 plants for all 5 ratings. For the 

remaining 36 plants for each inbred line they were rated for both lesion length and disease 

severity, as well as had tissue collected for genetic analysis for a later date. This was conducted 

for both lines. For the final experiment, 48 plants were required to complete the experiment as 

there was tissue collection on the final day (10 days post inoculation), 24 plants for each line 

were grown. There were no unwounded plants or 15 mins post inoculation plants required as no 

genetic analysis would be conducted on the samples collected from this experiment. There were, 

however, 6 plants grown for each treatment, and they were rated for disease severity and lesion 

length for time intervals 2 – 10 days post inoculation. 
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3.6 Inoculation Method 

 The method of inoculation used for this experiment and for all three pathogenicity testing 

experiments was developed previously by Soliman et al. (2018). Once plants were at the 5-7 leaf 

stage (depends on the inbred line as CO 447 was an entire leaf stage or two ahead of the CO 450 

inbred line), leafs 3, 4, and 5 were wounded with a 5 mm piece of sand paper attached to a 

syringe. This device was used to lightly rub on the cuticle in order to remove it and allow for 

infection from Cn (Soliman et al. 2018). Two wounds were carried out on each leaf, around the 

middle part on each side of the main middle vein (Soliman et al. 2018). Immediately after 

wounding, 20 µL of treatment inoculum was applied to the wounds, on all three leaves of the 

plant with the corresponding treatments (Soliman et al. 2018). After the inoculum was placed on 

the wounds, plants were maintained under a 100%- RH polyethylene tent equipped with an 

ultrasonic humidifier (Model V4600CAN, Kaz USA) cycling for 15 min on for every hour at 24 

hpi  to allow for conditions favourable for bacterial infection, only for the first 24 hours (Soliman 

et al. 2018). Then, they were rated for both lesion length and disease severity at 2, 4, 6, 8, and 10 

days post inoculation (dpi). 

3.7 Tissue Collection of Genetic Analysis Experiments 

 Tissue was collected immediately after wounding. For the unwounded plants, tissues 

were collected for the first time point of the genetic analysis experiments. Plant tissues collected 

at 2, 4, 6, 8, and 10 dpi were brought out of the growth room to a desk and then, for each 

treatment, the leaves were cut a few centimetres back from the wound site created for pathogen 

inoculation. Leaves 3, 4, and 5 were harvested, placed into an aluminum foil pouch, and then 

immediately placed into a container of liquid nitrogen. The samples were stored in a -80˚C 
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freezer pending usage. For the other time points (2 -6 days post inoculation) the plants were rated 

for disease severity and lesion length, and then harvested and processed as indicated above. 

3.8 Disease Severity and Lesion Length Rating 

 The inbred lines were rated for both disease severity and the lesion length caused by the 

pathogen while in a growth room starting at time point of 2 dpi. The lesion lengths of the wounds 

were measured, in millimetres, for the treated plants (both the initial wound and the lesion 

caused by the bacteria itself). Each wound was treated as a subsample. Disease severity of the 

wounds was  rated on a scale of 0 – 6:  0, no sign of disease and 6,  greater than 76% necrosis on 

the leaf, based off of the chart on Figure 3.1 (Soliman et al. 2018). These rating were taken on 6 

plants for time points 2 – 6 dpi (per treatment) and 3 plants for time points 8 and 10 dpi, since 8 

and 10 dpi did not require molecular analysis, and 3 plants per time-point were taken away for 

molecular analysis for the first two experiments. For the last experiment, 6 plants were used for 

each time point and treatment. 



44 

 

 

Figure 3.1. Disease severity scale of leaf inoculation from Cn. The images marked with numbers 

based on different disease symptoms. The disease severity scale ranges from 0, control up to 6, 

which represents more than 76% necrosis of the infected area.  Scale and title taken from 

(Soliman et al. 2018). 

3.9 Pathogenicity Test Analysis 

 For both lesion length and disease severity the Area Under the Disease Progress Curve 

(AUDPC) was calculated after 10 days. For disease severity, the scale numbers were converted 

into percentages, which were then used to calculate the AUDPC for disease severity. Both total 

AUDPC and daily AUDPC were calculated for disease severity, whereas only total AUDPC was 
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calculated for lesion length. The following equation taken from Lopes et al. (2011) describes 

how AUDPC was calculated: 

 

where n is   the number of evaluations taken, and y is the disease severity in percentage at time t. 

Total AUDPC is the sum of all of the daily AUDPC. 

3.10 Molecular Analysis Preparation 

 The first batch of tissues from experiment 1 was used in the genetic analysis experiments. 

The leaf samples were ground using a pestle and mortar into a fine powder in liquid nitrogen. 

Liquid nitrogen was used constantly to ensure that samples remained brittle enough to grind the 

samples, and that the mortar remains cold enough for the samples not melt and lose integrity or 

quality of the nucleic acid extracted. For the molecular expression analysis, 150 mg of ground 

tissue was loaded in tubes and pre-chilled to ensure nucleic acid integrity.  Any samples short on 

required amounts were documented. Any remaining tissue was transferred into a third tube at -

80˚C. All samples were stored at -80˚C until they were analyzed. 

3.11 RNA Extractions 

 Batches of 10 samples at a time were used for easier handling. Total RNA extraction was 

done using Omega E.Z.N.A. Plant RNA Kit (Omega Bio-Tek Inc., GA, USA) as recommended 

by the manufacturer. Ideally, 150 mg of frozen tissue was processed where available. However, 

adjustments were made accordingly for samples that did not have this amount of tissue.  To 

ensure that high purity RNA was extracted with no DNA contamination, Qiagen RNase-Free 
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DNase kit (Qiagen, Germany) was used to digest and remove any DNA present in the samples. 

During the washing step, 500 µL of RNA wash buffer 1 was added with slight modifications.  

The RNA wash buffer 1 was split into 2 applications of 250 µL: adding the first application of 

250 µL of RNA wash buffer 1, centrifuged for 30 s at 10,000 g followed by the addition of 10 

µL of the DNase enzyme solution to the RNA Mini Column and incubated at room temperature 

for 30 minutes. After 30 minutes, the remaining 250 µL of RNA wash buffer 1 was added to the 

column and processed as indicated. The rest of the protocol was implemented as indicated by the 

manufacturer. The extracted RNA was eluted by adding 100 µL of DEPC water to the samples 

and centrifuged to get the sample through the column. For samples that required more than one 

centrifuge 50 µL of water was used.   This was done for 120 samples, and each sample was given 

a code and stored at -80 C pending usage. 

3.12 Checking RNA Purity 

 The quality of the RNA was checked using 1% agarose gel electrophoresis. Ten samples 

were run, at a time, in an electrophoresis dock containing 12 wells on the gel.  Each well was 

loaded with an RNA sample (5 µL of sample), 2 µL of loading dye, and 3 µL of autoclaved 

water were added, totaling 10 µL. No DNA ladder was added as we were only interested in 

seeing if there was any DNA in the RNA samples. The samples were run for approximately 30 

minutes at 70 V with 1 % Ethdium Bromide (ThermoFisher) and then visualized the RNA using 

the AlphaImager, (Alpha Innotech, Canada) in order to check the integrity of the extracted RNA. 

The purity and the quantity of the RNA samples were then determined using the NanoDrop 2000 

spectrophotometer (ThermoScientific Ltd, MA, United States). The spectrophotometer was 

cleaned and then a blank sample (autoclaved water) using the RNA setting. For each of the 
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samples, 1 µL of extracted RNA sample was measured, and the data was documented for use of 

calculations for cDNA synthesis. Samples were then stored in -80˚C freezer until used for further 

processes. 

3.13 cDNA Synthesis 

 Working in batches of 10 at a time, the Thermo Scientific RevertAid First Strand cDNA 

Synthesis Kit (ThermoScientific Ltd, Waltham, Massachusetts, United States) was used to 

synthesize cDNA transcripts from RNA that would be used for the qRT-PCR using 2 µg of RNA 

per reaction. So depending on the content of the RNA from the samples between 3 and 11 µL 

samples was added to each reaction in order to synthesize cDNA. Some samples required more 

than 11 µL of RNA because the amount of nucleic acid was not sufficient to reach 2 µg, but due 

to the restrictions on the protocol 11 µL was used. Following synthesis of the cDNA, the samples 

were once again matched to their corresponding numbers and stored at -80˚C until further usage. 

3.14 Measuring cDNA Quality 

 The concentration of cDNA synthesized per each sample was determined on NanoDrop 

2000 spectrophotometer (ThermoScientific) as indicated above. Water was used as a blank/check 

while 1 µL of cDNA per sample was analyzed in order to determine the concentration of cDNA, 

to which most of the samples were above 1150 ng/µL. After the concentrations were determined, 

working stocks of cDNA were made at a concentration of 35 ng/µL. The final volumes of these 

stocks were 500 µL, to which anywhere from 9.5 to 18 µL of cDNA samples was added and the 

rest filled-up with autoclaved water. In only one sample was 18 µL of sample added to the stock 

as there was not enough to equal the concentration that was originally calculated. These stocks 
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were once again checked on the NanoDrop 2000 in order to determine if the desired 

concentration of 35 ng/µL was attained. 

3.15 Checking Gene Primers for qRT-PCR 

 We obtained primers (Tables 3.2 and 3.3) of genes of interest that are responsible for 

some function related to defense in the corn from Integrated DNA Technologies (IDT), United 

States. The primers were obtained at a concentration of 100 µM and the primers were diluted to 

the required concentration as indicated by the manufacturer based upon the initial concentration 

of the primers. After the initial dilution of the primers, working stocks of each primer were 

prepared where 20 µL of each primer was added to their own individual tubes, along with 180 

µL of water in order to create a 1:10 dilution, to obtain a working concentration of 10 µM. After 

the primers were made, they were checked for how they would react to the cDNA samples. A 

master mix of 20 reactions for PCR consisting of 2.5 µL of 10x Dream Taq PCR buffer, 0.1 µL 

of 50 mM dNTPs, 0.125 µL of Dream Taq polymerase, 3 µL of cDNA (35 ng/µL) of one of the 

samples for cDNA,  17.275 µL of water for each reaction. After the mix was created, 1 µL of 

each forward and reverse primer for the genes of interest were added to the corresponding tubes, 

including a blank to which 2 µL of water were added instead of primers, creating reactions of 25 

µL final volumes. PCR was performed in the Bio-Rad C1000 Thermal Cycler (Bio-Rad 

Laboratories, Inc. California, USA) with the following protocol: an initial denaturation of 95˚C 

for 3 minutes followed by 35 cycles of denaturation at 95˚C for 30 seconds, annealing at 60˚C 

for 30 seconds, and an extension at 72˚C for 30 seconds. A final extension cycle of 5 minutes at 

72˚C, and then held at 10˚C until the samples were removed. The samples were removed and run 

on 1% agarose electrophoresis gel with 20 wells. On either end of the gel, a DNA ladder was 
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added as reference. All the reactions were added to the gel along with the blank. The gel was 

then run for approximately 30 minutes at 100 Volts. The gel was then imaged and checked for 

any PCR amplicons. Shortly after the initial genes were run on qRT-PCR, a new batch of genes 

provided to our lab from Dr. Stasolla’s lab (University of Manitoba) was also processed. These 

genes were tested using a test run on the qRT-PCR, and the genes that did not have PCR 

amplicons on the completed run were dropped from the study. The genes with amplicons of the 

expected sizes were run under the conditions like the other target genes. 
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Table 3.2. List of Genes used in the qRT-PCR experiments and their corresponding names 

Gene  Full name 

BATP Beta sub unit of ATP synthase 

CipC1 chaperone protein 

DXS 1-deoxy-D-xylulose-5-phosphate synthase 

EF1a Elongation factor 1 

FTSH6 ftsH6-Zea mays FtsH protease 

NTN1   natterin 1 

PAL   phenylalanine ammonia lyase 

PPI   peptidyl-prolyl cis-trans isomerase 

PPO1  polyphenol oxidase 1 

PR4  pathogenesis-related protein 4 

PRB1-2 pathogenesis-related protein 1-2 

Rab7  rab GTPase 

RABE1c  rab GTPase 

RAS  Receptor activated signalling 

Rboh A respiratory burst oxidase homolog protein A 

Rboh B  respiratory burst oxidase homolog protein B 

RbohC  respiratory burst oxidase homolog protein C 

RbohD   respiratory burst oxidase homolog protein D 

Rip2  Ribosome-inactivating protein 

SUB Leucine-rich repeat protein kinase family protein 

TCTP  Translationally controlled tumor protein-like protein 

ZmAOS Allene Oxide Synthase 

ZmArogD 3-deoxy-D-arabino-heptulosonate-7-phosphate synthase 

ZmJaz4 jasmonate-zim-domain protein 4 

ZmJaz12 jasmonate-zim-domain protein 12 

ZmJaz20 jasmonate-zim-domain protein 20 

ZmLox1 lipoxygenase1  

ZmLox9 lipoxygenase 9 

ZmOPR7  12-oxo-phytodienoic acid reductase 7 

ZmOPR8  12-oxo-phytodienoic acid reductase 8 

ZmPI   protease inhibitor 

ZmPR1  pathogenesis-related protein 1 
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Table 3.3. Nucleotide sequence of gene specific primers for qRTPCR analysis of target genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer Name  Forward Primer sequence (5’to 3’)   Reverse Primer sequence (5’to 3’)   

BATP gggccttctcgtccatcctc Taggcggctacacggttgag 

CipC1 ggtggtccgtgccatgtttg gcaattcctgtgccctcacc 

DXS cgtcgtctcgttcgtctcct cgtacttctgccagccgaga 

EF1a tgggcctactggtcttactactga acatacccacgcttcagatcct 

FTSH6 ggtgtcagtgaccgcttcct acgagacgccttgctcatca 

NTN1 cagcatacccagcgtcagga gttcaccgcctctcgagtca 

PAL tctggtcccgctctcctaca ttgaagaagccgccctcgat 

PPI acaagggctccaccttccac tcgttgcgcacgaacttctc 

PPO1 aggcgctaccggaagagaac gagaagtgcacgtcgaacgg 

PR4 aggatcgtggaccagtgcag gttgaggtggcccatctggt 

PRB1-2 actaccacctgagcagcaaca gggtcgtagctgcagacgat 

Rab7 tcatcatcctcggcgatagtgg agagcctgtcctcgaactgc 

RABE1c cgcacgtgacatcaagcaga tatgagccgcagcaagcaga 

RAS aacgctgctgagatcaccga tggtagcacaagtgctctgga 

Rboh A cacacgtgacctgcgacttc ccccaaggtggccatga 

Rboh B ggccagtacttcggtgaaaca attacaccagtgatgccttcca 

Rboh C ttctcttgcctgtatgccgc ctttcgtattccgcagcca 

Rboh D ccggctgcagacgttctt cctgatccgtgatcttcgaaa 

Rip2 gccggtaccaggacctcatc gcctctgctagtgtcgtcgt 

SUB ggcaaactgatcgccagcaa ctttgcgctgacgaggatcg 

TCTP cgcctccgacatcgtctctt accctcggcggatggattg 

ZmAOS cccagcgtcgacaacaa tgtcgtagcggaggaaga 

ZmArogD catctccctcaccaagatcg gcctggaagtcgatgtagaa 

ZmJaz4 cccttcaccgcttattacatgag cagacacggcattattattattg 

ZmJaz12 ctgatgctaagaagcctactcgc gcgtctgaaggagaagtttggta 

ZmJaz20 gaagagaaaagatcgcctcaatg ggttcaggctggaatccacggca 

ZmLOX1 cactcgagctcgtcaaggat tccaacctgtcttgtcctcttt 

ZmLOX9 catggcatcagactcctcatc gtagagctgcacatacgactc 

ZmOPR7 gcggctgttcatcgctaat cggcgtgtagaacgtcttg 

ZmOPR8 gccgacctggtgtccta tcttgcgcacgtatctgttc 

ZmPI gcggattatcgccctaacc cgtctgggcgacgatgtc 

ZmPR1 tacggcgagaacctcttctg gttggtgtcgtggtcgtagt 
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3.16 qRT-PCR Runs 

 PowerUp SYBR Green Master Mix (ThermoScientific Ltd, MA, USA) was used to 

analyse the expressions of the genes of interest during qRT-PCR. Master mixes for three genes 

per run were made. One master mix, approximately 52 reactions, for example, would be for the 

housekeeping gene, EF1a, for which 260 µL of PowerUp SYBR Green Master Mix, 104 µL of 

autoclaved water, 26 µL of each forward and reverse primers for the specific gene, however only 

48 reactions are necessary for this step. The excess reaction solution was to minimize pipetting 

errors. Similar reaction mixtures were made for 2 more genes, each for 26 reactions but only 

require 24 reactions. For the housekeeping gene, the same protocol was followed but only around 

half of the amounts were required. For the microplates, the cDNA of all replicates were added as 

well as all time points for a treatment to the plant (inoculated with Cn or a control) and the two 

corn lines. To each well, 2 µL of the specific cDNA concentration (35 ng/µL) were used. Table 

3.4 has the layout of the plate. After cDNA was added to the wells, the appropriate gene master 

mixes were added to the wells at 8 µL per well using an automatic pipette to bring the total 

volume of to 10 µL per well. The plates were sealed with both a roller and forceps to ensure a 

tight seal and vortexed to ensure proper mixing of the reagents within each well. The plates were 

then spun down using a plate centrifuge to ensure all the reagents were settled at the bottom of 

the wells. The plates were processed in the Bio-Rad C1000 CFX96 Real-Time System Thermal 

Cycler (Bio-Rad Laboratories, Inc. CA, USA). The real-time PCR parameters laid out by the 

PowerUp SYBR Green Master Mix system were 2 minutes at 50˚C, then followed by 40 cycles 

of 95˚C for 2 minutes, then a 15 second cycle at 95˚C, then followed by 60˚C for 1 minute which 

was repeated for 40 cycles (the 15 seconds at 95˚C and 60˚C for 1 minute) until the plate was 

read by the program. This was carried out for all target genes until the process was complete. 
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After the run was completed the CT values from the run was stored onto a USB for processing. 

After use plates were stored at -20˚C for any potential future analysis if required. 

3.17 qRT-PCR Data Analysis 

 The data collected from qRT-PCR runs was processed to analyze relative gene expression 

using the 2
-ΔΔC

T (Livak and Schmittgen 2001). The relative expression was calculated using this 

method, in relation to the wounded controls. Three biological replicates were used each from 

different plant. The gene used as a check to compare relative expression amongst genes is the 

Elongation Factor 1 (EF1a). 

3.18 Statistical Analysis 

 All statistical analyses for the experiments were performed by using Statistical Analysis 

Software (SAS) (SAS Institute, Cary, NC, USA; release 9.1 for Windows) using the PROC 

MIXED function. Outliers were removed from the data sets using the studentized residuals 

(Lund, 1975) in order to make a better fitted data set. PROC UNIVARIATE was used in order to 

generate the Shapiro-Wilk test for normality. The data for gene expression before being run 

through the tests were first log transformed using loge to better normalize the data. Before values 

were calculated for least squared means method, the repeated groups were all tested and the 

repeated group with the lowest Akaike information criterion value (AIC) value was used for the 

final step. After the repeated group was selected, the means were then separated using the least 

squared means methods, and the program PDMIX800.sas (Saxton 1998) assigned the means with 

letters using α=0.05. Genes that showed no significant difference between the CO 447 and CO 

450 lines based on the SAS output and the AIC values were determined to be non-significant and 

placed in the appendix section (Appendix 1-4). 



54 

 

4 Results 

4.1 Pathogenicity Results 

4.1.1 Total AUDPC for Lesion Length in Two Lines of Corn (CO 450 and CO 447) 

inoculated with three Cn Strains  

 To understand the level of tolerance within the corn lines and the levels of aggressiveness 

of the Cn strains, three separate experiments were conducted in the growth chambers during the 

months of March, July and August 2016. In these experiments, corn lines CO 450 and CO 447, 

deemed as Goss’s wilt and leaf blight tolerant and susceptible, respectively, were inoculated and 

then lesion length progression was recorded over a 10-day period. There were 5 treatments in 

total, the unwounded control, the wounded control plus phosphate buffer, CMN14-5-1 

(aggressive strains), CMN15-18-2 (a strain with unknown aggressiveness), and DOAB 232 

(weakly aggressive, check strain), which were applied to the two corn lines. The phosphate 

buffer has no negative impacts on the unwounded and wounded controls; it just simulates the 

introduction of a pathogen to the wounded control. Cn 15-18-2, was isolated the following 

season from CMN 14-5-1, and had not been fully studied for its level of aggressiveness against 

corn plants, so it was added to this study to examine its aggressiveness towards the two corn 

lines. Figure 4.1A shows the total AUDPC for the month of March for the two corn lines 

inoculated with the three bacterial strains. The AUDPC shown for the wounded control is the 

initial wound that did not progress. As expected, no AUDPC was calculated for the unwounded 

plant. The results for 2 of the 3 remaining treatments show that there was a difference between 

the two corn lines when inoculated with CMN14-5-1 and CMN15-18-2 strains of Cn.  The CO 

450 line showed less total AUDPC at the end of the experiment while CO 447 had a significantly 
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higher total AUDPC. However, there was no statistical difference between the wounded controls 

of either CO447 and CO450. There was no statistical difference between the aggressive CMN14-

5-1 strain and the strain with unknown aggressiveness, CMN15-18-2 strain based on the total 

AUDPC for lesion length between the two lines of corn (CO 450 and CO 447). CMN14-5-1 and 

CMN15-18-2 had a significantly higher difference in total AUDPC for lesion length on both corn 

lines compared to the weakly aggressive DOAB 232 strain. DOAB 232 showed no statistical 

difference between the two corn lines in terms of lesion length AUDPC. However, as described 

in the following section, there was a visual difference in terms of disease severity. 

 The results from the experiment conducted in July varied from those recorded in March 

(Figure 4.1B). The only significant difference between the two corn lines was observed when 

plants were inoculated with the aggressive strain of CMN14-5-1. The other 3 treatments showed 

no statistical difference among the corn lines. Also, the strains CMN15-18-2 and DOAB 232 had 

no statistical difference on each corn line. The CO 450 line inoculated with CMN14-5-1 also did 

not show statistical difference between strains CMN15-18-2 and DOAB 232 when inoculated to 

either line of corn. 

 The experiment conducted in August was more similar to that of March than July (Figure 

4.1C). The two strains, CMN14-5-1 and DOAB 232, showed significant differences in total 

AUDPC among lines CO 447 and CO 450. Line CO 447 showed a higher AUDPC when 

compared to the more tolerant line, CO 450. The strain CMN15-18-2 had no significant 

difference between the two lines of corn. However, the calculated lesion length AUDPC was 

significantly lower than CMN14-5-1 inoculated to either line of corn, although still significantly 

higher than that of DOAB 232 in either corn line. Due to the highly inconsistent total AUDPC of 



56 

 

lesion lengths as shown in the 3 separate experiments, CMN15-18-2 was dropped as a strain of 

interest for the rest of the thesis. 

 

Figure 4.1. Total Area Under Disease Progress Curve for lesion lengths were calculated for the 

two corn lines, CO 447 (susceptible) and CO 450 (tolerant), for the following treatments: 

wounded control +PPB, CMN14-5-1 (the highly aggressive strain of Cn), CMN15-18-2 (the 

strain with an unknown level of aggression) and DOAB 232 (the weakly aggressive strain of Cn) 
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for the experiment performed in (A) March 2016, (B) July 2016, and (C) August 2016. The 

values represent the Total AUDPC for lesion length means of 6 biological replicates up until 8 

days post inoculation, where there are 3 biological replicates for 8 and 10 days post inoculation 

and Standard Error. The biological replicates are a composite of each lesion, as there are two per 

leaf, and 6 lesions per plant. Values were calculated using the equation for AUDPC  from  Lopes 

et al. (2011) and lesion lengths were measured in millimetres. Means with the same letters are 

not statistically different at p=0.05.  

4.1.2 Over time progression for Daily AUDPC of disease severity comparing strains DOAB 

232 and CMN14-5-1 inoculated to two lines of corn, CO 447 and CO 450 

 The progression of disease severity rating over time in the 3 separate experiments in the 

growth chambers at the University of Manitoba shows an increasing trend for both corn lines and 

bacterial strains over time. Fig. 4.2 represents the results of experiments carried out in March of 

2016 and clearly shows a stark difference in both lines of corn when inoculated with the two 

strains of Cn. The DOAB 232 graph depicts that at two days post inoculation (dpi) there is no 

significant difference between the two corn lines. However, between 4 and 6 dpi the disease 

severity levels elevated quite dramatically on the more susceptible corn line CO 447, when 

compared to the more tolerant line CO 450, which showed stabilized severity after 2 dpi. Similar 

results were observed for strain CMN14-5-1, with the exception that, at 2 dpi, CO 450 had a 

significantly higher disease severity rating compared to CO 447, which was not the case with 

strain DOAB 232. Then, the trend observed in the DOAB 232 strain also applies to the CMN14-

5-1, where the more susceptible line of corn took over the disease severity of the tolerant line but 

the tolerant line does follow a more upward trend in the disease progression compared to the 
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other strain. The values showed that strain DOAB 232 is indeed the weaker strain as its disease 

severity were approximately half that of CMN14-5-1. Figure 4.3 shows a different finding for 

strain DOAB 232 when compared to that recorded in July. At 2 dpi, a significant difference 

between the two corn lines was observed with the more tolerant corn line exhibiting a higher 

level of disease severity (Figure 4.3), a similar trend but non-significant values recorded March 

(Figure 4.2). This is similar to what was observed with total AUDPC (see Fig. 4.1A and B 

above).  

 Figure 4.4 shows results obtained in August for Cn DOAB 232, which were more similar 

to data observed in March (Figure 4.2) but differ from those from July 2016 (Figure 4.3). There 

is a significant difference at 2 dpi with corn line CO 450 showing a higher AUDPC value of 

disease severity compared to CO 447. However, it should be noted that at some point between 4 

and 6 dpi, the disease severity increased drastically for corn line CO 447 and CO 450 but 

relatively leveled-off at 6 dpi. For strain CMN14-5-1, the CO 450 line starts off drastically 

higher than CO 447 when compared to the other tested time periods. However, after 2 dpi, CO 

450 began to level off after 4 dpi and then at 6 dpi the two lines of corn were similar to each 

other in terms of disease severity. At 8 dpi and beyond, however, there was a significant 

difference between the two lines with the tolerant line showing no signs of disease progression 

while the susceptible line exhibited higher levels of disease severity. The corn line CO 447 starts 

off with a much lower disease severity but unlike CO 450, every time interval post 2 dpi, its 

disease severity drastically increased as time progressed, unlike CO 450. The best results for this 

experiment showing differences between the two corn lines are represented by Figure 4.4., which 

clearly shows the separation between the two lines when inoculated with each of the bacterial 

strains.  
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Figure 4.2. Progression of disease severity in the two corn lines, CO 447 (susceptible) and CO 

450 (tolerant), inoculated with the two Cn stains, DOAB 232 (less aggressive) and CMN Cn14-

5-1 (more aggressive) during the greenhouse experiment performed March 2016. The values 

represent the daily AUDPC values means of 6 biological replicates until 8 dpi, where there are 3 

biological replicates for 8 and 10 days-post inoculation and Standard Error over time, calculated 

using a disease severity scale of 0-5, ratings started 2 dpi. 
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Figure 4.3. Progression of disease severity in the two corn lines, CO 447 (susceptible) and CO 

450 (tolerant), inoculated with the two Cn stains, DOAB 232 (less aggressive) and CMN Cn14-

5-1 (more aggressive) during the greenhouse experiment performed July 2016. The values 

represent the daily AUDPC values means of 6 biological replicates until 8 dpi, where there are 3 

biological replicates for 8 and 10 days post-inoculation and Standard Error over time, calculated 

using a disease severity scale of 0-5, ratings started 2 dpi. 
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Figure 4.4. Progression of disease severity in the two corn lines, CO 447 (susceptible) and CO 

450 (tolerant), inoculated with the two Cn stains, DOAB 232 (less aggressive) and CMN Cn14-

5-1 (more aggressive) during the greenhouse experiment performed August 2016. The values 

represent the daily AUDPC values means of 6 biological replicates until 8 dpi, where there are 3 

biological replicates for 8 and 10 days post-inoculation and Standard Error over time, calculated 

using a disease severity scale of 0-5, ratings started 2 dpi. 

4.2 Gene expression studies of CO447 and CO450 corn lines inoculated with Strains DOAB 

232 and CMN14-5-1 
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The different genes studied here are described based on their functions, as follows and were 

normalized to the wounded control at each time point, using EFla as the housekeeping gene to 

show relative expression:  

4.2.1 Jasmonic acid Pathway  

 Analysis of the expression patterns of ZmAOS (Figure 4.5), ZmJaz12 (Figure 4.6) and 

ZmJaz20 (Figure 4.7), which are genes involved in triggering the jasmonic acid pathway, 

showed significant changes when the two corn lines were inoculated with the highly (CMN14-5-

1) vs. weakly (DOAB 232) aggressive strains. For the ZmAOS gene, when the two corn lines 

were inoculated with the aggressive strain, there was no significant change observed until 4 dpi 

when a 16 times change of this gene is recorded in the line CO 447 (susceptible).  Line CO 447 

continued to have a significant expression over the tolerant CO 450 line even at 6 dpi, where the 

expression level was 3 times over the tolerant line. In Figure 4.5B, there is a significant 

difference between the two lines of corn at 4 dpi, where the susceptible line is expressing the 

ZmAOS gene 2.5 higher than the tolerant line, similar to Figure 4.5A but at a much lower rate of 

expression. The high standard error bars could be from the variability between the biological 

replicates, as each biological replicate had multiple composite samples within itself, as well an 

error on the sealing of the qRT-PCR plate, which would lead to an inaccurate reading. 

 Relative expression of the ZmJaz12 gene, in Figure 4.6A, at two time intervals shows a 

significant increase in the expression of the gene between the two lines of corn. A much larger 

expression level at 2 dpi is 3 times greater in the tolerant line of corn when compared to the 

susceptible line of corn. Then a smaller increase in relative expression was observed in the 

tolerant line, where the gene is being expressed at double the at the 6 dpi interval when compared 
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to the 2 dpi time interval with the tolerant line over-expressing this gene compared to the 

susceptible line. In Figure 4.6B, the tolerant line expresses the gene more significantly at all time 

intervals with the exception of the first time point (15 minutes after inoculation). In the 

susceptible line, the expression of the gene appears to subside over time. In the contrary, the 

tolerant line had the expression increased after inoculation to a maximum at 4 dpi (5.8 times) and 

then the expression change induction decreased to 4 times at 6 dpi over the wounded control, a 

value not as low as the susceptible line at 6 dpi (0.4). 

 The ZmJaz20 gene, in Figure 4.7A showed a similar expression trend to that of the 

ZmAOS gene given that the susceptible CO 447 showed higher relative expression when 

compared to the tolerant corn line CO 450. At 15 minutes, dpi, there is a significant difference 

between the two lines where the susceptible line expressed the gene over the tolerant line 20 

times. There is a 5.5 relative expression change over the tolerant line at 2 dpi and significantly 

increased throughout the rest of the time intervals for the susceptible line with a 2.7 and 3.2 

expression change at 4 and 6 dpi respectively. Figure 4.7B shows that the susceptible line, CO 

447, expressed the gene more abundantly than the tolerant line CO 450. At time intervals 4 dpi 

(2), and 6 dpi (5), there were significant differences between the two corn lines with the 

susceptible line over the tolerant line, with a sharp spike at the 6 dpi time interval for the 

susceptible corn line CO 447 (Figure 4.7B). In contrast, the expression levels for corn line CO 

450 dropped after 2 dpi (1.6) (Figure 4.7B). The high standard error bars could be from the 

variability between the biological replicates, as each biological replicate had multiple composite 

samples within itself, as well an error on the sealing of the qRT-PCR plate which would lead to 

an inaccurate reading. 
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Figure 4.5. Relative expression of the gene ZmAOS expression in corn lines CO 447 

(susceptible) and CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1, 

and (B) the weakly aggressive strain, DOAB 232. The 2
-ΔΔC

T
 
method was used to calculate the 

expression relative to the wounded control (wounded and inoculated with PPB) and normalized 

by using elongation factor in order to reduce small differences. Values are the means of 3 

biological replicates. Standard error bars are indicated. Means with the same letters are not 

statistically different at p=0.05. 
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Figure 4.6. Relative expression of the gene ZmJaz12 expression in corn lines CO 447 

(susceptible) and CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; 

and (B) the weakly aggressive strain, DOAB 232. The 2
-ΔΔC

T
 
method was used to calculate the 

relative expression relative to the wounded control (wounded and inoculated with PPB) and 

normalized by elongation factor in order to reduce small differences. Values are the means of 3 

biological replicates. Standard error bars are indicated. Means with the same letters are not 

statistically different at p=0.05. 

 

Figure 4.7. Relative expression of the gene ZmJaz20 expression in corn lines CO 447 

(susceptible) and CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; 

and (B) the weakly aggressive strain, DOAB 232. The 2
-ΔΔC

T
 
method was used to calculate the 

expression relative to the wounded control (wounded and inoculated with PPB) and normalized 

by elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard errors are indicated. Means with the same letters are not statistically 

different at p=0.05. 
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4.2.2 Protein Degradation Genes 

 FTSH6 is a gene responsible for foreign protein degradation within the plant. Figure 4.8A 

displays the relative expression of FTSH6 when the tolerant and susceptible corn lines were 

inoculated with the aggressive strain (CMN14-5-1) of Cn. There seems to be a low degree of 

significance in the expression of FTSH6 in either corn lines inoculated with the pathogen, except 

at time interval 6 dpi. At 6 dpi, the gene abundantly and significantly expressed in the tolerant 

line CO 450, about double over the susceptible line (CO 447) (Figure 4.8A).  Both lines showed 

an increase in the expression levels at time interval 6 dpi, but the increase in expression is greater 

in the tolerant line. The reaction of the corn lines relative to the weakly Cn strain, DOAB232, 

varied at the different time intervals (Figure 4.8B). At 15 minutes post-inoculation, the relative 

expression is 5 times higher in the tolerant corn line than in the susceptible line. In contrast at 2 

dpi, there is a sharp increase in the expression levels of the susceptible line over the tolerant with 

double the expression. But at time intervals 4 dpi and 6 dpi the expression levels of FTSH6 in the 

tolerant corn line were approximately 1.5 and 2 times over the susceptible line. 

 

Figure 4.8. Relative expression in the expression of the gene FTSH6 in corn lines CO 447 

(susceptible) and CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; 
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and (B) the weakly aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the 

expression relative to the wounded control (wounded and inoculated with PPB) and normalized 

by elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard errors are indicated. Means with the same letters are not statistically 

different at p=0.05. 

4.2.3 Hormone Induction Genes 

 Six genes (DXS, PAL, ZmLOX1, ZmLOX9, PR4, and ZmPR1) involved in hormone 

induction within the corn plant were also analyzed after inoculations with Cn strains CMN14-5-1 

and DOAB232 (Figures 4.9-4.14).  Figure 4.9A depicts the gene expression levels of DXS above 

the wounded control when inoculated with the aggressive strain Cn14-5-1. Significantly higher 

(double) induction levels of the gene were expressed by the susceptible line CO 447 at 2 dpi 

compared to that of the tolerant line, CO 450. However, later at 4 and 6 dpi, the change in 

expression levels in the tolerant corn line were highly significant (3.5 and 2 times, respectively) 

and greater than those of the susceptible line of corn. For the less aggressive strain of DOAB 

232, line CO 447 showed a significantly higher level of expression of the DXS gene immediately 

following inoculation with about double the expression level over the tolerant line of corn 

(Figure 4.9B).  

 The PAL gene showed a significant level of expression in the tolerant line CO 450 at 2 

dpi, roughly triple over the susceptible line CO 447 (Figure 4.10A). However, at 6 dpi, it is the 

susceptible line that showed a significantly high change in expression of approximately 4 over 

the tolerant line.  For the less aggressive strain (DOAB 232), there are two time intervals 

showing significant differences in the changes of the gene expression (Figure 4.10B). The 
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susceptible corn line expressed the PAL gene at a higher level than the tolerant line in both 

intervals. The first interval was immediately following inoculation with the weak strain of Cn; 

the susceptible line expressed an 8 times change than the tolerant line of corn (Figure 4.10B). 

The other time interval where there was a significant difference between the susceptible and 

tolerant lines is at 6 dpi. At 6 dpi, the tolerant line expressed the PAL gene at 0.5, while the 

expression in the susceptible line of corn was significantly higher 1.5, a 3 times increase. The 

high standard error bars could be from the variability between the biological replicates, as each 

biological replicate had multiple composite samples within itself, as well an error on the sealing 

of the qRT-PCR plate which would lead to an inaccurate reading. 

 For the gene ZmLOX1, there were no significant differences in terms of the relative 

expression between the two lines of corn when inoculated with the aggressive strain of Cn, 

CMN14-5-1 (Figure 4.11A). However, there is a significant expression level shown at 2 dpi in 

the susceptible line over other time points when the corn plant was inoculated with Cn.  In Figure 

4.11B, time point 2 dpi as well showed a significant increase in its expression levels in contrast 

to other time points in the disease progression where the tolerant expressed the gene at a level of 

8.4. This is significantly higher than the expression levels of the susceptible line showing an 

expression induction level of 1.9 (Figure 4.11B). The high standard error bars could be from the 

variability between the biological replicates, as each biological replicate had multiple composite 

samples within itself, as well an error on the sealing of the qRT-PCR plate which would lead to 

an inaccurate reading. 

 There were no significant differences in the expression levels of ZmLOX9 in either corn 

line until 6 dpi (Figure 4.12A) on plants inoculated with CMN14-5-1. The susceptible line, 
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however, had a significantly greater expression level of this gene at 3.5 times over the tolerant 

line. Similar to the results seen in Figure 4.12A, the LOX9 gene, depicted in Figure 4.12B, 

showed no significant gene expression induction until 6 dpi, where the susceptible line induced a 

4 times change over the tolerant line. The high standard error bars could be from the variability 

between the biological replicates, as each biological replicate had multiple composite samples 

within itself, as well an error on the sealing of the qRT-PCR plate which would lead to an 

inaccurate reading. 

 The gene PR4 in this study had a high Akaike Information Criterion (AIC) relative to 

other genes in this section, and did not show statistical difference between CO 447 and CO 450 

overall. However, it did have some time points in both strains that did show statistical difference. 

In Figure 4.13A, there are two time points that show a significant difference between the two 

lines. At 2 dpi, it was the tolerant line that expressed the gene at a 6.6 times change over the 

susceptible, but at 6 dpi, in the susceptible line the gene was activated at a higher rate  over the 

tolerant line at 7.4 times. In Figure 4.13B, the 4 dpi was the only significant time point where the 

gene is expressed when induced by the weakly aggressive strain. The tolerant line expressed the 

gene at a rate of 2.8 times higher than the susceptible line. The high standard error bars could be 

from the variability between the biological replicates, as each biological replicate had multiple 

composite samples within itself, as well an error on the sealing of the qRT-PCR plate which 

would lead to an inaccurate reading. 

 The ZmPR1 gene had a high AIC relative to other genes in this section, and did not have 

a statistical difference between CO 447 and CO 450 overall. However, the gene did have some 

time points for both strains that did show statistical differences. When the corn plant is 
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inoculated with the aggressive strain of Cn, 3 time points show significance as (Figure 4.14A), 

where the tolerant line expressed the gene at a higher level (3.2 times) greater than the 

susceptible line at 2 dpi. However, the susceptible corn line did express the gene at higher rates 

over the tolerant line later in the infection process with 3.5 and 7.3 times change at 4 and 6 dpi, 

respectively. There was no significant difference between the two corn lines when inoculated 

with DOAB 232 (Figure 4.14B). The high standard error bars could be from the variability 

between the biological replicates, as each biological replicate had multiple composite samples 

within itself, as well an error on the sealing of the qRT-PCR plate which would lead to an 

inaccurate reading. 

 

Figure 4.9. Relative expression for the gene DXS in corn lines CO 447 (susceptible) and CO 450 

(tolerant) inoculated with (A) aggressive strain, CMN14-5-1; and (B) the weakly aggressive 

strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to the 

wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are shown. Means with the same letters are not statistically different at p=0.05. 
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Figure 4.10. Relative expression of the gene PAL in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are shown. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.11. Relative expression of the gene ZmLOX1 in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of CMN Cn14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 
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order to reduce small differences. Values are the means of 3 biological replicates.  Standard error 

bars are shown. Means with the same letters are not statistically different at p=0.05.   

  

Figure 4.12. Relative expression of the gene ZmLOX9 in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are shown.  Means with the same letters are not statistically different at p=0.05. 
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Figure 4.13. Relative expression of the gene PR4 in corn lines CO 447 (susceptible) and CO 450 

(tolerant) inoculated with A) aggressive strain of Cn, CMN14-5-1; and B) the weakly aggressive 

strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to the 

wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.14. Relative expression of the gene ZmPR1 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.4 Protein Folding Genes 

 PPI and CipC1 are some of the genes responsible for folding proteins in response to 

pathogen attacks, like Cn. Figure 4.15A display the response of the gene when corn plants were 
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inoculated with the aggressive strain of Cn, CMN14-5-1. At time intervals 15 minutes, 2, and 4 

dpi, the tolerant line showed significant increases in the expression level of the PPI gene with 3, 

38.5, and 2 times respectively, over the susceptible line of corn (Figure 4.15A). Over time, both 

lines showed increasing expression levels of the PPI gene until 4 dpi, with the exception at 2 dpi 

for the susceptible line where the expression level dropped significantly, but did increase at 4 dpi 

(Figure 4.15A). There was no significant change for the protein folding gene PPI expressed in 

the DOAB 232-inoculated corn lines between time points (Figure 4.15B). However, at 2 dpi, the 

susceptible line did express the gene at a significantly higher level than the same line at 4 dpi. 

 The protein folding gene CipC1 has a high AIC value and did not show an overall 

significant difference between the two lines of corn when inoculated with either Cn strain. 

However, it had individual time points where there was a significant difference between the 

lines. CipC1 when inoculated with the aggressive strain had two time points where the tolerant 

line is expressed at a higher level over the susceptible line: 15 minutes post-inoculation (1.9 

times) and 4 dpi (2.8 times) (Figure 4.16A). However, when inoculated with the weakly 

aggressive strain of Cn, the susceptible line expressed CipC1 at 6.5 times over the tolerant line at 

2 dpi (Figure 4.16B). Similarly, when inoculated with the aggressive strain, the gene is expressed 

at 2.4 times in the tolerant line over the susceptible line at 4 dpi. The high standard error bars 

could be from the variability between the biological replicates, as each biological replicate had 

multiple composite samples within itself, as well an error on the sealing of the qRT-PCR plate 

which would lead to an inaccurate reading. 
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Figure 4.15. Relative expression of the gene PPI in corn lines CO 447 (susceptible) and CO 450 

(tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are shown. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.16. Relative expression of the gene CipC1 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 
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the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.5 Protein Toxic Genes 

 Rip2 is a gene in the host whose products are toxic to proteins secreted by pathogenic 

organisms such as Cn in order to reduce the impact of the pathogen. Figure 4.17A depicts the 

relative expression of Rip2 in the lines of corn when the plants are inoculated with the highly 

aggressive strain of Cn, Cn14-5-1. Approximately 15 minutes after inoculation, the susceptible 

line (CO 447), expressed the gene at a high expression level 2.2 over the more tolerant line (CO 

450), which expressed the gene at approximately half the level of expression, at 1.0. However, at 

time intervals 4 and 6 dpi the tolerant line expressed the gene at about 3 time’s higher levels (1.6 

and 1.5 respectively) than the susceptible line (0.69 and 0.59 respectively). Similar to the results 

shown in the aggressive strain, the weakly aggressive strain showed a trend where, in the last two 

time intervals, the expression levels of the Rip2 gene had greater expression changes in the 

tolerant line of corn compared to the susceptible line of corn (Figure 4.17B). However, in the 

first two time intervals there were no significant differences between the two lines. In the tolerant 

line (CO 450), the Rip2 is expressed at levels of 3.5 and 15 at time intervals of 4 and 6 dpi, 

respectively, over the susceptible line. The high standard error bars could be from the variability 

between the biological replicates, as each biological replicate had multiple composite samples 

within itself, as well an error on the sealing of the qRT-PCR plate which would lead to an 

inaccurate reading. 
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Figure 4.17. Relative expression of the gene Rip2 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.6 Protein Trafficking Genes 

 The gene Rab7 is responsible for trafficking proteins within the plant cells in response to 

pathogenic and beneficial microbes. Figure 4.18 depicts the relative expression within both lines 

of corn when the plants are inoculated with the highly aggressive strain, CMN14-5-1. At all-time 

points, the tolerant line significantly expressed the gene at about double the susceptible line, with 

the exception at 6 dpi, where the expression level was 1.5 times over the susceptible line. For 

inoculations with the weakly aggressive strain, DOAB 232, Rab7 gene expression levels were 

significantly high in the tolerant line than the susceptible line of corn at two time intervals 

(Figure 4.18B). The first time interval, at which the tolerant line is more expressed, is 
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immediately following inoculation, where the difference between the two lines of corn is 2. Also, 

at the 6 dpi time interval, the expression level in the tolerant line was 2.5 times over CO 447, the 

susceptible line. 

 The RABE1c gene expression in plants inoculated with the highly aggressive CMN14-5-

1 (Figure 4.19A) was expressed at 3 times higher in the susceptible line of corn over the tolerant 

line immediately following inoculation. At 2 dpi, however, the tolerant corn line expressed the 

gene at two and half times that of the susceptible (Figure 4.19A). Also, at 6 dpi, the expression 

level was significantly higher in the tolerant line at 3 times over the susceptible line. For 

RABE1c expression in corn relative to the weakly aggressive strain (DOAB 232), the susceptible 

line expressed this protein trafficker at significantly higher levels over the tolerant at three time 

intervals; 15 minutes, 2, and 4 dpi (Figure 4.19B). The expression level of the susceptible line 

over the tolerant line for these time intervals are 3, 1.5, and 2, respectively. 

 The RAS gene expression levels are depicted in Figure 2.20A and show higher levels in 

the susceptible corn plant when inoculated the highly aggressive strain immediately following 

inoculation with 4 times higher than that of the tolerant line.  Also, a similar trend was observed 

at 2 dpi where the expression level was almost 10 times higher. Similar trends were observed 

when corn lines were inoculated with strain DOAB232 (weak strain) (Figure 4.20B) The 

susceptible line of corn expressed the gene at higher levels than the tolerant line, where the levels 

of expression from immediately following inoculation to 4 dpi were 3.0, 6.0, and 8.5 times 

respectively (Figure 4.20B). The high standard error bars could be from the variability between 

the biological replicates, as each biological replicate had multiple composite samples within 
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itself, as well an error on the sealing of the qRT-PCR plate which would lead to an inaccurate 

reading. 

 

Figure 4.18. Relative expression of the gene Rab7 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 
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Figure 4.19. Relative expression of the gene RABE1c in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.20. Relative expression of the gene RAS in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.7 ROS Producers 

  Four genes, PPO1 (Figure 4.21), RbohA (Figure 4.22), RbohC (Figure 4.23), and RbohD 

(Figure 4.24) that are responsible for the production of ROS within the corn plant when 
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inoculated by the bacterium Cn showed significant expression levels between the two lines of 

corn. Using strain CMN14-5-1, the only time point where gene PPO1 showed significant 

difference between the two lines of corn was at 2 dpi, when the tolerant line had a change of 2.1 

over the wounded control and the susceptible line showed a change of only 0.4 over the same 

control (Figure 4.21A). The tolerant lines relative expression over the susceptible was 

approximately 5 times. Similarly, for plants inoculated with strain DOAB 232, PPO1 expression 

was significantly higher in the tolerant line over the susceptible line only at 2 dpi (Figure 4.21B). 

At this time point the tolerant line exhibited 5 times more expression than the susceptible line 

(Figure 4.21B). The high standard error bars could be from the variability between the biological 

replicates, as each biological replicate had multiple composite samples within itself, as well an 

error on the sealing of the qRT-PCR plate which would lead to an inaccurate reading. 

 Figure 4.22 (A and B) depicts RbohA, one of the ROS-producing genes in this study that 

had a high AIC value. Overall, this gene showed no statistically significant difference between 

the two lines of corn when inoculated with either strain of Cn. However, it did have individual 

time points with significance. There was no significant difference when both lines are inoculated 

with the aggressive strain of Cn (Figure 4.22A). However, when the lines were inoculated with 

DOAB 232, at 6 dpi, the tolerant line expressed RbohA at 73.3 times higher level over the 

susceptible line, where the tolerant line expressed the gene 17.5 times greater than the wounded 

control (Figure 4.22B). The high standard error bars could be from the variability between the 

biological replicates, as each biological replicate had multiple composite samples within itself, as 

well an error on the sealing of the qRT-PCR plate which would lead to an inaccurate reading. 
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 RbohC, like RbohA has a high AIC value on SAS, and does not show a significant 

difference between the two lines of corn overall when inoculated with either strain of Cn. A few 

time points, however, showed significance between lines. The susceptible corn line expressed the 

gene 1.7 times higher than the tolerant line at 4 dpi when inoculated with the aggressive strain of 

Cn (Figure 4.23A). When inoculated with the weakly aggressive strain, the susceptible line was 

also expressed at a higher rate than the tolerant line 2.5 times at 2 dpi, sooner in the disease 

development process. 

 Figure 4.24A shows the gene induction of RbohD is higher within the tolerant line of 

corn; in particular, immediately following inoculation as the difference between the two lines 

was 10 times. As well, there were significant differences at all time points (15 times at 2 dpi and 

3 times at 4 dpi), except 6 dpi, where no significant differences were observed. Figure 4.24B 

shows results where the two lines of corn were inoculated with the weakly aggressive strain of 

Cn, for the gene RbohD. The trend was similar to the results obtained when corn lines were 

inoculated with the highly aggressive strain of Cn. Both showed that the relative expression of 

the tolerant line of corn over the wounded control started at the highest level, and then over time 

the expression levels dropped, relatively. Inversely, relative expression expressed by the 

susceptible line of corn the increased gradually with dpi. For the weakly aggressive strain of Cn, 

immediately following inoculation, the change in expression over the susceptible line of corn 

was 54, and at 2 and 4 dpi the change in the tolerant line over the susceptible was 7 and 3.5 

times, respectively (Figure 4.24B). 
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Figure 4.21. Relative expression of the gene PPO1 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.22. Relative expression of the gene RbohA in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 
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the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.23. Relative expression of the gene RbohC in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 
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Figure 4.24. Relative expression for the gene RbohD within corn lines CO 447 (susceptible) and 

CO 450 (tolerant) when inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the 

weakly aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression 

relative to the wounded control (wounded and inoculated with PPB) and normalized by 

elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard error bars are indicated. Means with the same letters are not statistically 

different at p=0.05. 

4.2.8 Energy Producers 

 The βATP gene is responsible for energy production within the corn plant, and showed 

significant difference between the two lines when the plants were inoculated with both CMN14-

5-1 and DOAB 232 (Figure 4.25A and B, respectively). When the corn plants were inoculated 

with the highly aggressive strain of Cn, at 2 and 4 dpi, the tolerant line of corn expressed this 

gene 2.5 and 4 times higher than in the susceptible line of corn. However, at 6 dpi the susceptible 

line showed significantly higher expression of the βATP gene, 15 times higher than in the 

tolerant line (Figure 4.25A). When the lines of corn are inoculated with the weakly aggressive 

strain of Cn, the susceptible line expressed the gene at a significantly higher level than the 

tolerant line of corn (Figure 4.25B). Immediately following inoculation, the susceptible line 

expressed the gene at a level 11 times higher than the tolerant line, and at 2 dpi at a level 4 times 

higher.  As observed with plants inoculated with the highly aggressive strain, at 6 dpi the 

susceptible line had a very high increase in the expression levels of the βATP over the wounded 

control (Figure 4.25B), and the difference between the two lines of corn, showed the susceptible 

line expressed βATP 11 times higher than that of the tolerant line of corn, which is very similar 
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to what is expressed at 15 minutes post inoculation. The high standard error bars could be from 

the variability between the biological replicates, as each biological replicate had multiple 

composite samples within itself, as well an error on the sealing of the qRT-PCR plate which 

would lead to an inaccurate reading. 

 

Figure 4.25. Relative expression of the gene βATP in corn lines CO 447 (susceptible) and CO 

450 (tolerant) incoulated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.9 Aromatic Acid Producers 

 ZmArog D is one of the genes in this study that shows no significant difference between 

the two lines of corn when inoculated with both strains of Cn, due to its high AIC value. 

However, did have a time point that shows a significant difference between the corn lines, but 

this did not impact the overall significance of the gene. Figure 4.26A shows no significant 
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difference, at any time point, when inoculated with the highly aggressive strain. However, one 

time-point showed significant difference between the two lines of corn when inoculated with the 

weakly aggressive strain of Cn (Figure 4.26B). At 2 dpi, the tolerant line of corn had a 4.1 times 

change difference over the susceptible line of corn when inoculated with DOAB 232. The high 

standard error bars could be from the variability between the biological replicates, as each 

biological replicate had multiple composite samples within itself, as well an error on the sealing 

of the qRT-PCR plate which would lead to an inaccurate reading. 

 

Figure 4.26. Relative expression of the gene ZmArogD in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 
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4.2.10 Cellular Growth 

 TCTP is a gene related to cellular growth within the corn plant. Due to its high AIC value 

and other factors there was, however, no overall significance between the two lines when 

inoculated with either strain of Cn but a time point showed significant difference (Figure 4.27). 

At 2 dpi, the susceptible line expressed the gene at a 3.7 times higher than the tolerant line when 

both lines are inoculated with the aggressive strain of Cn (Figure 4.27A). However, when 

inoculated with the weakly aggressive strain, there is no significant difference between either 

lines of corn (Figure 4.27B). 

 

Figure 4.27. Relative expression of the gene TCTP in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 
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4.2.11 Double-Bond Reducers 

 ZmOPR7 and ZmOPR8 are genes that are involved in double bond reduction when the 

plant comes under attack from stresses, including pathogen attack. Both genes, have high AIC 

values, and like the other genes with high AIC values they did not show significant differences, 

overall, between lines when inoculated with either strain of Cn, but have individual time points 

at which there was a significant difference between the lines (Figures 4.28 and 4.29). Figure 

4.28A showed no significance in the expression level of the ZmOPR7 between corn lines when 

inoculated with CMN14-5-1. There is a significant difference between the susceptible line and 

tolerant line, however, when inoculated with DOAB 232 at 4 dpi, with 8.1 times change higher 

in the susceptible line over the tolerant line (Figure 4.28B). The high standard error bars could be 

from the variability between the biological replicates, as each biological replicate had multiple 

composite samples within itself, as well an error on the sealing of the qRT-PCR plate which 

would lead to an inaccurate reading. 

 For the gene ZmOPR8, there is a significant difference between the two lines with a 

relative expression change of 12.5 in the susceptible line higher than in the tolerant line at 2 dpi 

(Figure 4.29A). However, there is no significant difference between either corn lines when 

inoculated with the weakly aggressive strain of Cn, DOAB 232(Figure 4.29B). The high standard 

error bars could be from the variability between the biological replicates, as each biological 

replicate had multiple composite samples within itself, as well an error on the sealing of the 

qRT-PCR plate which would lead to an inaccurate reading. 
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Figure 4.28. Relative expression of the gene ZmOPR7 in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

 

Figure 4.29. Relative expression of the gene ZmOPR8 in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 
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the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.12 Protease Inhibitors 

 ZmPI is a gene that has a high AIC value, so there is no overall significant difference 

between the two lines of corn when inoculated with either strain of Cn. However, there is a time 

point where there is significant difference but does not impact the overall significance of this 

gene in the maize plant based off of this study. There is no significant difference between the two 

lines of corn when inoculated with the aggressive strain of Cn (Figure 4.30A). When the two 

lines of corn are inoculated with the weakly aggressive line of corn, the tolerant line expressed 

ZmPI at 6.3 times higher than the susceptible line at 2 dpi (Figure 4.30B). The high standard 

error bars could be from the variability between the biological replicates, as each biological 

replicate had multiple composite samples within itself, as well an error on the sealing of the 

qRT-PCR plate which would lead to an inaccurate reading. 
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Figure 4.30. Relative expression of the gene ZmPI in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

4.2.13 Unknown Function 

 NTN1, like other Natterins in plants has an unknown function at this time, but have been 

known to be expressed when plants are experiencing stress from either biotic or abiotic sources, 

so this gene was chosen to see if any definitive results were expressed. It had a high AIC value 

when compared to other genes studied, and showed no significant difference in expression levels 

between the two lines of corn overall when inoculated with either strain of Cn. However, 

individual time points showed statistical significance between the lines of maize. When the two 

lines of corn were inoculated with 14-5-1, the tolerant line of corn showed only one time-point, 

at 6 dpi, where there was a significant difference between lines, where the relative expression 

was 4.6 times greater in the tolerant line, even though the overall relative expression over the 

wounded control was not that high, at a relative expression level of 0.46 (Figure 4.31A). The two 

lines of corn were inoculated with the weakly aggressive strain, at 4 dpi the susceptible line 

showed a higher expression level of 5.1 times over the tolerant line (Figure 4.31B).  Similar to 

when inoculated with the aggressive strain, at 6 dpi the tolerant line had a higher expression of 

5.7 times over the susceptible line, when inoculated with Cn DOAB 232 (Figure 4.31B). 
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Figure 4.31. Relative expression of the gene NTN1 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, CMN14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with PPB) and normalized by elongation factor in 

order to reduce small differences. Values are the means of 3 biological replicates. Standard error 

bars are indicated. Means with the same letters are not statistically different at p=0.05. 

5 Discussion 

 The three experiments conducted showed significant differences between the two lines of 

corn; CO 447 and CO 450, when inoculated with CMN14-5-1, the highly aggressive Cn strain 

(Figures 1-3). Only one of the 3 experiments showed significant differences when inoculated 

with the weakly aggressive Cn strain, DOAB 232. Ahmad et al. (2015) used AUDPC data to 

categorize different strains of Cn isolated across the state of Iowa and were able to determine 

which of those strains were considered to be more aggressive and which were less aggressive. In 

our study, we were able to show statistical differences between two strains of Cn, DOAB 232 

(weakly aggressive) and CMN14-5-1 (highly aggressive). We also showed how, on a 
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phenotypical level, these strains reacted with two lines of corn. The difference between 

experiment 2 (Figure 4.1B) and experiment 1 and 3 (Figures 4.1A and 4.1C) could be largely due 

to some symptoms observed on the leaves that were not necessarily associated with Cn, and 

thought to be from stresses not related to the disease. It was hypothesized that these stresses were 

mainly from watering issues and some fertilization issues as the symptoms observed were 

atypical of Cn infection, however it can’t be proven what did in fact caused these symptoms. 

These irregular symptoms were most prevalent in DOAB 232 and CMN15-18-2, and therefore 

skewed the results for this particular study. These irregular symptoms were not observed in the 

March experiment and when they appeared in the August experiment plants, but at a 

significantly lower rate than the previous month. The DOAB 232 strain in experiment 1 (Figure 

4.1A) even though it showed no significant difference between the two lines but there were still 

visual differences between the two lines. The susceptible line showed a high disease severity, 

when compared to the tolerant line; however the lesion lengths caused by DOAB 232 between 

the two lines of corn were comparable in March. The weakly aggressive strain still showed a 

trend that indicated it was weakly aggressive when compared to the highly aggressive strain 

CMN14-5-1 in experiment 1 and 3 (Figure 4.1A and 4.1C). However, not only was CMN15-18-2 

sporadic in experiment 2 (Figure 4.1B), it was highly aggressive in experiment 1 (Figure 4.1A) 

and mildly aggressive in experiment 3 (Figure 4.1C). Due to these inconsistent results across all 

three experiments it was dropped from the rest of the study.  

 The disease severity graphs for two of the months, with the exception of the July graph 

(Figure 4.3), all showed relatively the same results. When the corn lines were inoculated with 

either strain, the early disease ratings at 2 dpi, showed that the disease severity was highest in the 

tolerant line as opposed to the susceptible line where the disease severity on average was lower, 



95 

 

despite being deemed the susceptible line, where one would expect the disease to be more 

aggressive early on. As seen in Figure 4.2, at in DOAB 232 there is no significant difference 

shown between the two lines of corn in the first two time points, but at 2 dpi, the average disease 

severity does rate higher in the tolerant line over the susceptible as described above. At 4 dpi, 

(except for 8 dpi in August CMN14-5-1 graph (Figure 4.4)), however, the susceptible corn line 

overtook the tolerant line in terms of AUDPC per day accumulation for disease severity. This 

trend continued for the rest of the experiment leading to the susceptible line having higher 

disease severity accumulation. In the contrary, the disease severity of the tolerant line either 

leveled off or increased only slightly. In Figure 6, it clearly depicts that the tolerant CO 450 line 

started with a high level of infection, but the infection rate does not increase much, if at all, for 

the rest of the experiment whereas that of the susceptible line that started relatively low increased 

significantly. At 10 dpi, however, the disease severity of the susceptible line, CO 447 was 50% 

higher than that of CO 450 (tolerant line) suggesting that potential tolerance mechanisms were 

induced in the CO 450 line. For the July graph, as mentioned in the previous section there were 

issues, in particular with DOAB 232 for mistaking potential drought/fertilizer stress related 

symptoms as Cn symptoms on the corn plants. This increased the disease severity scores for this 

line, leading to the statistical conclusion that there were no significant differences between the 

two lines. For the following experiment, in order to not commit the same error, disease severity 

ratings were based solely on Cn related symptoms. The CMN14-5-1 portion of the graph showed 

slightly higher disease severity at 2dpi in CO450 compared to the 4 dpi. On the other hand, the 

accumulation in line CO 447 increased dramatically after 4 dpi. 

 In order to understand the potential involvement of defense genes within the corn plant, 

gene expression experiments were conducted looking at relative expression over the wounded 
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control. The jasmonic acid pathway produces the hormone jasmonate, a lipid-derived signalling 

molecule that is responsible for development, and has been implicated in plant defense (Lyons et 

al., 2013). In the current study, 3 genes (ZmAOS, ZmJaz12, and ZmJaz20) involved at the 

different steps of the jasmonic acid pathway were analyzed in corn inoculated with the Cn. 

ZmAOS (Figure 4.5A) and ZmJaz20 (Figure 4.7B) produced significant results in terms of 

higher expression levels within the susceptible CO 447 plant and ZmJaz12 (Figure 4.6 A and B) 

produced significant results in the tolerant corn line, CO 450. ZmAOS, known as allene oxide 

synthase which rearranges fatty acid hydroperoxides into allene oxides,  the precursors to the 

formation of cyclopentane, also known as jasmonic acid, which is important within the jasmonic 

acid pathway (Somboon et al. 2014; Tijet and Brash 2002). It is associated with the 9-LOX/AOS 

pathway within the tomato plant required for the production of  death acids, in the form of 10-

oxo-11-phytoenoic acid (10-OPEA) and 10-oxo-11-phytodienoic acid (10-OPDA) (Christensen 

et al. 2015). These death acids accumulate in the diseased and necrotic tissues of the plant and 

are supposed to cease the spread of disease as well as prevent insect feeding and the progression 

of cell growth (Christensen et al. 2015). The same authors showed that these levels of 10-OPDA 

are on par with levels of phytoalexins found within corn leaves as a potential direct defense 

mechanism. It is possible that an over accumulation of these death acids within the susceptible 

line is why the plant overall succumbs to the infection of the disease. In the contrary, the tolerant 

corn line showed relatively lower expression levels leading to less infection occurring especially 

at 4 and 6 dpi. However, more research needs to be conducted in order to understand the full 

impact of ZmAOS on the plant such as using knockout mutants to see what role the ZmAOS 

gene plays in the Cn infection process. Jaz (Jasmonate ZIM-domain) act as repressors within the 

jasmonic acid pathway so that the plant is not overwhelmed by  over activation of pathway and 
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lead to unintended damages to the plant (Lyons et al. 2013; Wang et al. 2017; Ishiga et al. 2013; 

Sun et al. 2017; Jiang et al. 2013). Jaz12 and Jaz20 have been shown to be expressed in cotton 

(Gossypium sp.)  when they were exposed to a higher level of gibberellic acid, growth and 

development stimulant (Sun et al. 2017). Jiang et al. (2013) reported that the Gram-negative 

bacterial pathogen, Pseudomonas syringae, has a Type III secretion system, unlike Cn, that 

actively suppresses the production of JAZ within the plant. This actively allows the pathogen to 

colonize the plant and lead to higher infection levels. In our results, the Jaz12 gene is more 

highly expressed within the tolerant corn line and Jaz20 are more highly expressed in the 

susceptible line. It is possible that the pathogen is more able to overcome the expression of Jaz20 

highly expressed in the susceptible line; and as such it seems to play a lesser role in the defence 

induction of the jasmonic pathway as opposed to Jaz12. 

 FtsH6 is a metalloprotease that is responsible for the degradation of the apoproteins, 

light-harvesting chlorophyll a/b-binding (Lchb) 1 and 3, that are a part of the trimer that make up  

the membrane protein LCH II, whose main function is energy collection and transfer, but also 

distributing energy between Photosystems I and II (Zelisko et al. 2005). In the current study, 

FtsH6 was identified to have a significant expression level in corn plants when inoculated with 

DOAB 232 (Figure 4.8B), with the relative expression over the wounded control being 

significant within the tolerant line CO 450 at time points 0, 4, and 6 dpi but expressed at a higher 

rate at 2 dpi in the susceptible line. In a previous study performed in vivo, Zelisko et al. (2005) 

identified Arabidopsis genes that when exposed to stresses mutants lacking the FtsH6 gene were 

not able to degrade Lchb1 and 3 compared to the wild type. FtsH6 was shown to degrade Lchb 1 

when the plant was exposed to high light; and when allowed to senescence in the dark degraded 

the Lchb 3 apoprotein (Zelisko et al. 2005). These two apoproteins are involved with LCH II, 
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suggesting  that FtsH6 is an important protease to the degradation of LCH II, a major player for 

energy collection and transfer within the plant (Zelisko et al. 2005). Also, Sedaghatmehr et al. 

(2016) reported that FtsH6 regulates the abundance of the heat stress protein HSP21. HSP21 

protein is responsible for protection photosystem II from oxidative and heat stress, and it is 

potentially achieved by the protein’s ability to maintain the function of the chloroplast 

(Sedaghatmehr et al. 2016). Based on the studies by Sedaghatmehr et al. (2016) and  Zelisko et 

al. (2005), the theory is that when under attack from the pathogen Cn, corn activates the FtsH6 

gene in order to stop potential energy transfer within the cell, thus allowing the cells to die off. 

This may explain why the tolerant corn line, CO450, showed significantly high expression level 

at 15 minutes after inoculation. The susceptible line had higher expression level two days later. 

This delay in the response by the susceptible line is a potential reason why CO 447 line is not 

tolerant to Cn. 

 In the current study, 6 genes that are involved with hormone induction were identified to 

have significant expression levels when inoculated with a highly aggressive strain of Cn (Cn14-

5-1) and a weakly aggressive strain (DOAB 232). 1-Deoxy-D-xylulose-5-phosphate synthase 

(DXS) showed a significant expression in the tolerant line at 4 and 6 dpi (Figure 4.9A), but 

showed higher expression earlier in the susceptible line at 15 minutes post-inoculation (Figure 

4.9A and B). For Phenylalanine ammonia-lyase (PAL), when inoculated with the aggressive 

strain (Figure 4.10A) the susceptible line expressed the gene more at 2 dpi, but in the tolerant 

line it is more highly expressed at 6 dpi. When corn plants were inoculated with the weak strain 

(Figure 4.10B), the susceptible line expressed the gene more at 15 minutes post-inoculation and 

6 dpi, a different pattern from the aggressive strain. For ZmLOX1, the tolerant line significantly 

expressed the gene more at 2 dpi (Figure 4.11B). ZmLOX9, Figures 4.12A and B show similar 
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results where the susceptible showed a significant expression level at 6 dpi. Pathogenesis related 

proteins PR4 and ZmPR1 are different when compared to the other 4 genes studied in this thesis 

that contribute to hormone induction upon pathogen attack, where they were ultimately 

considered to be insignificant due to the fact that neither gene showed an overall difference 

between the two lines of corn when inoculated with either strain of Cn, but do have some time 

points that are statistically significant. PR4, depicted in Figure 4.13, showed that when 

inoculated with the highly aggressive Cn 14-5-1, that at 2 dpi, the tolerant line showed more 

expression over the susceptible line, but at 6 dpi the susceptible line had a higher expression rate. 

However, when inoculated with DOAB 232, in 4.13B, only one time-point, at 4 dpi, that the 

tolerant line had a significantly higher relative expression when compared to the susceptible line 

of corn. ZmPR1 only had time points of statistical significance when inoculated with Cn 14-5-1 

(Figure 4.14A), where at 2 dpi the tolerant line expressed the gene at a higher rate. But late in the 

infection process, at 4 and 6 dpi, the susceptible line expressed the gene at a higher rate. DXS is 

the key enzyme of the 2-methyl-3-erythritol-4-phosphate (MEP) pathway. This system is key to 

biochemical pathways involved in the synthesis of natural isoprenoids, which have important 

functions within the plant such as regulating plant hormones for plant growth, development and 

defense (Banerjee et al. 2016; Henriquez et al. 2016; Pan et al. 2019). Henriquez et al. (2016) 

hypothesized that Phytophthora infestans, an oomycete pathogen of potatoes, may possess some 

mechanisms that leads to the down-regulation of DXS within potato plants inoculated with the 

pathogen as they found even with upregulation of the gene that there was no noticeable 

impediment of disease development. It is possible that Cn possesses a similar ability as well to 

supress the DXS gene. The DXS gene is responsible for the downstream production of 

isoprenoids such as rishitinol, rishitin, lubimin, phytuberin, abscisic acid, as well as others, 
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which all contribute to the plant’s ability to fight infections from pathogens (Henriquez et al. 

2016).  For both strains of Cn, the susceptible line expressed more DXS early in the infection 

process, which could translate into less effective isoprenoids being produced at the early stages 

of infection. At days 4 and 6, it is the tolerant line that expressed DXS at a higher level (Figure 

4.9A). So potentially more effective isoprenoids are being produced through the MEP pathway. 

Further research is needed to identify the type of isopreniods being produced. PAL is an 

important enzyme in the carbon flux regulation within the phenylpropanoid pathway. PAL 

catalyses the conversion of component L-phenylalanine to trans-cinnamic acid (Way et al. 2002; 

Zhang et al. 2017; Yuan et al. 2019). The phenylpropanoid pathway is responsible for the 

production of lignin, and phytoalexins, such as isoflavonoids and coumarins, which are all very 

important compounds for plant defense. Also, it is a key contributor to the production of salicylic 

acid (SA) which plays a key role in defense from abiotic and biotic stress as well as plant 

development (Way et al. 2002; Yuan et al. 2019; Zhang et al. 2017). In plants where PAL is 

suppressed or downregulated, SA accumulation is diminished and systemic acquired resistance 

was inactivated allowing the plants to become more susceptible to disease (Yuan et al. 2019). 

This implies that PAL is a relatively important gene in disease resistance. Yuan et al. (2019) 

identified that within maize the biosynthesis of SA was mainly attributed to the phenylpropanoid 

pathway, the pathway that PAL is largely attributed to, and that SA was shown to suppress the 

sugarcane mosaic virus infection in the corn plant. Also, Way et al. (2002) showed that PAL was 

responsible for the suppression of infection from the pathogens, Phytophthora parasitica pv 

nicotianae and Cercospora nicotianae, when introduced to transgenic tobacco plants with 

elevated expression levels of PAL. The same study, however,  noted that plants that 

overexpressed PAL showed reduced growth and development compared to plants that did not 
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overexpress PAL (Way et al. 2002). This inhibited growth from overexpression of PAL could 

account for the stunted and frail appearance of the tolerant line of corn, CO 450, where at 2 dpi 

the PAL gene is expressed almost 3 times more than in the susceptible line of corn, but at 6 dpi 

the susceptible line expressed the gene more (Figure 4.10A). When the weak aggressive strain 

was inoculated on the two lines of corn, however, the susceptible line of corn expressed the gene 

more, at 15 minutes post-inoculation and 6 dpi. This could indicate that SA production might not 

be significantly important in the suppression of Cn infection, suggesting that maize plants rely on 

other pathways in interacting with the bacteria. Kumar et al. (2017) noted that when moderately 

resistant (MR), moderately susceptible (MS) and highly susceptible (HS) maize lines were 

inoculated with the pathogen Dickeya zeae (bacterial stalk rot), the levels of PAL expression of 

the HS did not vary from the other lines of corn deemed to be MR or MS, even though the HS 

had a higher disease severity score. This information could mean that PAL even though it is an 

important disease resistance gene, requires other factors to increase the resistance required to halt 

disease spread. This could be why inoculation with the weak strains, it is the susceptible variety 

that expressed PAL more than the tolerant line. Lipoxygenases (LOXs) are an important defense 

reaction when the plant is under abiotic and biotic stresses, such as pathogens and animal attack, 

where the plant turns lipids into peroxides (Christensen et al. 2015; Hwang and Hwang 2010; 

Marla and Singh 2012; Nalam et al. 2015; Ogunola et al. 2017; Porta et al. 2008; Porta and 

Rocha-Sosa 2002; Safaie Farahani and Taghavi 2016). LOXs convert poly-unsaturated fatty 

acids, such as linoleic acids, into hydroperoxides which are then further transformed into 

oxylipins (Hwang and Hwang 2010; Porta and Rocha-Sosa 2002; Porta et al. 2008; Nalam et al. 

2015; Ogunola et al. 2017; Safaie Farahani and Taghavi 2016; Marla and Singh 2012; 

Christensen et al. 2015). These oxylipins are key to the HR reaction during pathogen attack. The 
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oxylipins are an integral by-product of the LOX pathway that will disintegrate the membranes of 

plant cells in order to slow down pathogen progression (Hwang and Hwang 2010; Porta and 

Rocha-Sosa 2002). These LOXs are divided into two different groups of LOX depending on 

which carbon atom gets oxygenated in the pathway, 9-LOX (the 9-C) or 13-LOX (13-C) 

(Christensen et al. 2015; Hwang and Hwang 2010; Ogunola et al. 2017; Marla and Singh 2012; 

Nalam et al. 2015; Porta and Rocha-Sosa 2002; Porta et al. 2008). 13-LOX is important for  the 

synthesis of the oxylipid Jasmonic acid, whereas 9-LOX is  less studied compared to 13-LOX 

but is believed to be involved in the peroxidation of fatty acids (Christensen et al. 2015; Porta 

and Rocha-Sosa 2002; Porta et al. 2008; Marla and Singh 2012; Nalam et al. 2015; Hwang and 

Hwang 2010; Ogunola et al. 2017). Ogunola et al. (2017) categorized ZmLOX1 as a 9-LOX and 

that ZmLOX9 belongs to the 13-LOX group, which are the two genes, looked at in this study. 

Nalam et al. (2015)  examined the expression levels of LOX1 and LOX5, members of the 9-LOX 

mechanism, and they were able to determine that in Arabidopsis inoculated with Fusarium 

graminearum, it is the 9-LOX mechanism that contributes to the facilitation of disease progress, 

despite the genes being upregulated. This could potentially mean that ZmLOX1 might not be so 

important in the defense reaction against Cn. However,  elevated expression levels in the tolerant 

line, at 2 dpi, could suggest  contribution to the HR by slowing down the pathogen by releasing 

the peroxides that destroy plant cell membranes (Porta and Rocha-Sosa 2002). As ZmLOX9 is a 

member of the 13-LOX group that is responsible for jasmonic acid production our study showed 

that it is more expressed at 6 dpi in the susceptible line, suggesting that it might be another 

susceptibility factor and less important to the actual defense of the plant against Cn.  PR4, 

overall, exhibited that aspects related to plant defense but the mechanism is not yet fully 

understood. It is reported , however,  to be activated when attacked by pathogens or when under 
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other biotic stresses, accumulating around the infection site as well as other areas of the plant in 

order to prevent spread of the stress within the plant (Bertini et al. 2006; Agrawal et al. 2003). 

The gene is considered to be antifungal, in which it produces chitinases of both class I and II 

type that degrade chitin-containing fungal cell walls that invade the plant tissues (Bertini et al. 

2006; Agrawal et al. 2003). Since Cn is a bacterial pathogen and not a fungus, the antifungal 

properties of PR4 have little to no impact on the pathogen in this case, which could explain why 

there was little statistical significance in the overall expression of this gene when inoculated with 

either strain of Cn on both lines of corn. Since PR genes are regularly activated under pathogen 

attack (Bertini et al. 2006; Agrawal et al. 2003), it would explain why there is expression of the 

gene when corn is attacked and being colonized by Cn. PR1 genes, similar to PR4 genes are 

activated upon biotic stresses, such as pathogen attack similar to when Cn would colonize a corn 

plant, and are considered to be both antifungal and antibacterial, in nature (Ghorbel et al. 2020; 

Lincoln et al. 2018). Lincoln et al. (2018) found that PR1 genes play a key role in limiting PCD 

around the border of the initial lesion after PCD has already occurred upon infection from 

bacterial pathogens like Pseudomonas syringae pv. Tabaci on tobacco plants. It seems to prevent 

the progression of PCD to the surrounding cells around the lesion and too eventually kill the 

plant after the bacteria or other pathogen has been contained by PCD. PR1 genes are known to 

exhibit antibacterial activity to both gram-positive and gram-negative bacteria (Ghorbel et al. 

2020), and Cn is a gram-positive bacteria (Claflin and White 1999), it be speculated that it is an 

important gene in the defense against Cn infection in the corn plant. However, our results show 

that even though there are time points of statistical significance for this particular gene, overall 

there was no difference in the expression levels of this gene between the two lines of corn when 

inoculated with either strain of Cn. Figure 4.14A showed interesting results that could be looked 
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into further in later studies, as at 2 dpi the gene is expressed higher in the tolerant line when the 

PCD was triggered in the tolerant line. Based on the findings of Lincoln et al. (2018) it could be  

suggested that the ZmPR1 gene in the plant would slow the progression of PCD. Then at 4 and 6 

dpi it is the susceptible line expressing the gene more suggesting a slow or late  activation of the 

ZmPR1 gene  in CO447, potentially leading to larger lesions. 

 Peptidyl-prolyl cis-trans isomerase (PPI) is part of a unique group of enzymes that are 

able to stabilize in the cis-trans transition state,  allowing the enzyme to decrease the required 

energy in order to stabilize the product and allow for isomerization to occur at a quicker time rate 

(Kaur et al. 2016,  2015). PPIases are categorized as immunophilins into two separate categories 

based on the type of immunosuppressive ligands they are attracted to. Cyclophilins are attracted 

to cyclosporine and FK506-binding proteins are attracted to FK506 (Gassar et al. 2020; Kaur et 

al. 2016, 2015). In this current study, we observe PPI being activated in the tolerant line of corn 

when inoculated with the aggressive strain, over the susceptible line at time points 0, 2, and 4 dpi 

(Figure 4.15A). It was also, observed that there is no significant difference between corn lines at 

any time point, so it is possible that the Cn strain DOAB 232 does not activate PPI at significant 

levels. This suggests that PPI might not be an important factor of how corn interacts with this 

strain of Cn (Figure 4.15B). Cyclophilins are speculated to have several functions such as protein 

folding, plant development, stress response and even the regulation of redox reactions within the  

plant (Kaur et al. 2015). Redox reactions are important in the production of ROS, which is a key 

factor of the HR activated by a pathogen attack on the plant. The regulations of these reactions 

are important so that too much accumulation of ROS does not cause further detriment to the 

plant as it fights the invading pathogen. To control the production of ROS, plant activates PPI 

gene to minimize the damage. Additionally, the expression level of PPI is relatively high as 
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compare to the wounded control whereas early induction of RbohD transcripts in the infection 

process might suggests that PPI gene is regulating the RbohD gene. CipC1 is one of genes 

studied that was categorized as overall insignificant but did have some points of interest that 

could indicate that it plays a role in the Cn-corn pathosystem. Figure 4.16A shows that at 15 

minutes and 4 post inoculations the tolerant line expressed high CipC1 transcripts over the 

susceptible line.  When inoculated with DOAB 232 (Figure 4.16B) the susceptible line, at 2 dpi, 

expressed the gene more, but at 4 dpi, it is the tolerant line that expressed the gene more. Little is 

known of the physiological roles CipC1 and ClpC genes, in general, play in planta, except that 

they are chaperone proteins used in the deconstruction of proteins that are assembled and higher 

order complex proteins (Park et al. 2004). It is believed that ClpC2 is related to the production of 

ROS after the thalkaloid electron transport complex is broken down during regular maintenance 

of the photosynthetic apparatus under pressure from variegation within the leaves, and it  is 

synergistic with ClpC1 (ClpC1 = CipC1) (Park et al. 2004). However, since little known on the 

CipC1 gene as well as its overall role in the plant, and given the fact that it was considered to be 

overall insignificant in this study, it could only be speculated that probably when Cn invades 

corn that potential colour change that occurs triggers this gene, leading to a production of ROS. 

 Ribosome-inactivating proteins (RIPs) are proteins that have a site specific RNA N-

glycosidase activity that prevents the ability for vulnerable ribosomes to properly elongate, thus 

stopping any translations the ribosome may encode for (Bass et al. 2004; Chuang et al. 2014). In 

our current study, we analyzed the RIP2, a type 3 RIP, which is naturally synthesized as inactive 

within the corn plant, that need to be activated into a fully functional toxic form of RIP through 

proteolytic modification by the removal of c. 25 amino acids from the center of the precursor 

(Bass et al. 2004; Chuang et al. 2014). The susceptible corn line expressed RIP2 at a higher rate 
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than the tolerant variety (Figure 4.17A), but at days 4 and 6 post inoculation it is the tolerant 

variety that expresses the gene at higher levels. The tolerant corn line expressed the gene at a 

significant rate at 4 and 6 dpi; with very high expressions levels at 6 dpi (Figure 4.17B). The 

RIP2 protein which are found mainly in the vegetative portions of the maize plant, along with 

other RIPs are known to have antimicrobial effects against pathogen infection but also are known 

to have anti-herbivory aspects (Bass et al. 2004; Chuang et al. 2014). Chuang et al. (2014) 

observed that elevated expression levels of RIP2 led to a decrease in Lepidoptera feedings on 

maize leaves compared to plants that expressed the gene at lower levels. In this study, RIP2 

expression lasted for more than 4 days at elevated rates; and  theorized that since caterpillars 

only feed intermittently, that the corn plant could be keeping up the elevated levels of RIP2 to 

fight potential pathogen attack on the wounded leaves (Chuang et al. 2014). In our study, the 

tolerant variety when inoculated with both strains of Cn (especially DOAB 232) showed elevated 

expression levels over the susceptible later in the infection process. This could translate to the 

toxic effects of RIP2 are a secondary level of defense against pathogen attack after the initial HR 

caused by the ROS producers. The initial high expression level in the susceptible line could not 

necessarily be a susceptibility factor, but potentially with the initial infection factors employed 

by Cn are not hindered by the toxins created by RIP2, and the susceptible line uses these toxins 

too early in the colonization process.  

 Small guanosine triphosphate (GTP)-binding proteins, are important proteins that 

perform a variety of functions such as protein trafficking, transport within the cell, organization 

of the cytoskeleton, as well as abiotic and biotic stresses (Agarwal et al. 2008; Agarwal et al. 

2009; Liu et al. 2012; Mayers et al. 2017; Moshkov and Novikova 2008; Sui et al. 2017). These 

small GTP-binging proteins are classified into 5 subfamilies, however, only 4 have, so far, been 
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identified in plant species: Rho, Sarl/Arf, Ran and Rab (Liu et al. 2012). The genes of interest in 

our study are in the Rab family and include Rab7 and RabE1c (Liu et al. 2012; Agarwal et al. 

2008). For the relative expression of Rab7 over the wounded control (Figure 4.18A), the tolerant 

lines expressed Rab7 at higher levels than the susceptible line, indicating that this gene could 

have an important role to play in the tolerance of corn to Cn. A similar trend is shown in Figure 

4.18B, but only two time points, 15 minutes and 6 dpi, showed a significant difference between 

the two lines of corn. Rab7 is known to have a few functions within the plant. It is reported to 

regulate the ROS scavengers to prevent damage to the plant from mainly abiotic stresses; and 

also regulates the transformation of phagosomes to lysosomes, where these products are used to 

deactivate potentially toxic secretions due to pathogen attack (Sui et al. 2017; Liu et al. 2012; 

Moshkov and Novikova 2008). In a study conducted by Liu et al. (2012), they looked at the 

expression levels of Rab7 in wheat plants inoculated with the pathogen Pucinia striiformis f. sp. 

Tritici, a strip rust fungus. A higher level of expression was recorded upon infection indicating 

that Rab7 is an important factor with regards to the plant-pathogen interaction. They observed 

that in the incompatible reactions, expression levels of Rab7 were high at 6 hpi and continued, 

where as in the compatible interaction that was a drop after the initial peak at 6 hpi as the gene 

was downregulated (Liu et al. 2012). This suggests that there could possibly be a role played by 

Rab7 following the colonization process to prevent the spread of the pathogen (Liu et al. 2012). 

From the work of Liu et al. (2012), it could be true that in the tolerant line of corn there is an 

incompatible reaction occurring as the expression level of Rab7 is high during the early stages of 

the infection with Cn while the susceptible line has relatively low expression levels. Although, 

its expression diminishes as the disease progress, this potentially makes Rab7 an important 

tolerance factor with respect to the infection of Cn on the corn plants; and suggests that the 
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susceptible line might not produce enough Rab7 to act against the pathogen. In the contrary, the 

susceptible line overexpressed the RabE1C protein at the initial time point of infection as well as 

at the end of the time period at 6 dpi (Figure 4.19A). At 2 dpi, it is the tolerant line that expressed 

the RabE1C gene at a higher rate; but when inoculated with the weaker Cn strain (DOAB 232), 

the susceptible line expressed the gene at a higher rate over the tolerant line at time points 15 

mins, 2, and 4 (Figure 4.19B). The main role of RabE1C within the plant is post-Golgi 

trafficking to the cell membrane and cell plate, and it is mainly situated around the golgi stacks, 

the membrane of the cell and along the cell plate (Mayers et al. 2017; Agarwal et al. 2009; 

Moshkov and Novikova 2008). The gene is responsible for the proper transport of molecules 

within the cell, through the process of exocytosis, in which the cell moves these molecules and 

proteins out of the cell, thus maintaining efficiency within the plant cell and as such enhancing  

proper plant development (Mayers et al. 2017). Further investigation may be required in order to 

fully understand the role performed by RabE1C when the plant is under pathogen attack. It is 

potentially possible that the activation of this gene could be a coping mechanism by the plant 

under stress conditions and needing to maintain proper function/growth. This may be why CO 

447 expressed the gene at a higher rate, as the CO 447 line of corn has a higher agronomic 

potential with vibrant green leaves and it is a taller plant compared to the shorter and more 

“anemic-looking” CO 450 line at the same growth stage. The greener leaves and taller stalk are 

signs of good growth and development within the plant, which is controlled partially by Rabe1C 

in other higher plants, as mentioned by (Mayers et al. 2017). Receptor activated signalling (RAS) 

is a component of protein signalling within organisms such as mice, yeast and rarely found in 

plants so not much is known about the RAS gene within plants (Forsthoefel et al. 2005; Liu et al. 

1995; Andersen et al. 2018). In our study, when both lines were inoculated with both strains of 
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the Cn bacteria, the susceptible line of corn showed a higher rate of expression over the tolerant 

line. When inoculated with Cn 14-5-1 (Figure 4.20A) time points 15 minutes and 2 dpi had 

significant differences between the two lines. When inoculated with DOAB 232 (Figure 4.20B) 

time points 15 minutes, 2 and 4 dpi showed higher expression levels in the susceptible line. 

When inoculated, both strains showed relatively the same expression levels at time points 15 

minutes and 2 dpi and then dropped relative to the wounded control plus PPB. Ras proteins that 

are membrane bound within the cells are responsible for converting GTP to guanosine 

diphosphate (GDP), which is why it belongs to the GTP binding protein family (Andersen et al. 

2018). RAS has been shown to have negative impacts on the protoplasts of Nicotiana tabacum 

and Petunia hybrid as well has been  shown to have plant cell growth retarding properties (Liu et 

al. 1995) which could be hypothesized to suppress pathogen advancement. However, beyond 

these few points there is not much known on the role that RAS plays within the plant during 

pathogen attack unlike other ras-related proteins like Rab7 and RabE1c. It is interesting that in 

this study that the primer sequence for the RAS gene showed that there was a clear elevation of 

the gene in the susceptible line of corn when compared to the tolerant line, and even though Liu 

et al. (1995) mentioned that there was cell growth reduction involved with this gene, CO447 did 

not exhibit any signs of growth retardation or suppression based on visual observation. It is 

possible that there could be another role that RAS plays in the corn-Cn pathosystem that is still 

to be discovered as it obviously is a factor in the susceptibility of CO447 instead of a tolerance 

factor in CO450. 

 ROS are important to the HR as well as PCD after colonization from the pathogen.  ROS 

can either restrict the pathogen by driving the cross-linking of the cell wall or allow the oxidative 

burst generated by the species to effectively collapse the host cells that are being invaded  by the 
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pathogen, thus effectively killing the cell in order to minimize the spread of disease within the 

plant (Bhonwong et al. 2009; Otulak-Kozieł et al. 2019; Owusu et al. 2019; Sagi et al. 2004; 

Yamauchi et al. 2017). Polyphenol oxidase (PPO1) is an important gene towards the defense of 

plants that converts ortho-diphenols into ortho-quinones, by the use of molecular oxygen (Araji 

et al. 2014; Bhonwong et al. 2009; Tran et al. 2012). In our study, PPO1 is only expressed in a 

significant fashion in the tolerant line over the susceptible line at 2 dpi by for both strains of Cn. 

At all other time points, however, there was no significant difference between either corn line 

(Figure 4.21A and B). The ortho-quinones produced by the PPO gene are important to the 

browning reaction that some plants have after  tissue damage, which have been theorized to have 

impacts in halting pathogen progression as a small HR (Araji et al. 2014; Bhonwong et al. 2009; 

Tran et al. 2012). The presence of PPO in tomato plants has been shown to increase tolerance to 

Pseudomonas syringae pv tomato when elevated expression of the gene occurs upon the 

infection process  (Araji et al. 2014).  Bhonwong et al. (2009) reported that these ortho-quinones 

when exposed to high pH levels (pH<4) such as in the gut of Cotton Bollworm (Helicoverpa 

armigera) and Beet Armyworm (Spodoptera exigua), which are herbivorous predators of tomato, 

would be transformed into semi-quinone radicals by a reversed disproportionation reaction 

leading to the production of ROS, proven to be toxic to the larvae. Since the corn plants were 

injured in the current study, potentially the wound activated the PPO1 gene, and then the Cn 

strains might have utilized some infection factors that altered the pH of the infection site. This 

might have led to the production of ROS, to not only potentially kill off the cell, but also the 

oncoming bacterial pathogen. Respiratory burst oxidase homologs (Rboh) are not only important 

to  plants responses to abiotic stresses such as salinity and drought, but also, biotic stresses such 

as pathogen attack, but is also important for hormone signalling that leads to plant development 
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and growth (Yu et al. 2020). Rboh A in our study has been determined to be overall insignificant 

in the corn-Cn pathosystem, with  only one time point of interest, 6 dpi (Figure 4.22B) where the 

lines of corn are inoculated with DOAB 232, the tolerant line of corn expressed gene 

exceptionally higher than the susceptible line of corn. RbohA is associated with the accumulation 

of ROS within the plant cell and possessing antifungal properties (Yu et al. 2020).  Yu et al. 

(2020) found that when Nicotiana tabacum and infected with Cucumber mosaic virus and when 

induced with cold and drought stress, the gene was upregulated over the control plant when 

introduced to those treatments. RbohA, potentially due to its antifungal properties, may be why 

this gene was overall considered to be an insignificant gene in this thesis. RbohC in this study, 

similar to RbohA, was also considered to be an insignificant gene in the corn-Cn pathosystem. In 

Figure 4.23A, the tolerant line expressed the gene more than the susceptible corn line at 4 dpi 

when inoculated with the aggressive strain of Cn, however when inoculated with the weakly 

aggressive strain, the susceptible corn line expressed RbohC over the tolerant line at 2 dpi. 

RbohC is activated synergistically by Ca
2+

-binding and when the addition of phosphate is added 

in order to manufacture ROS compounds in the cell (Chang et al. 2020). Yu et al. (2020) showed 

that the gene RbohC was upregulated like RbohA with the same treatments, however at a greater 

capacity when compared to each other. Perhaps when inoculated with Cn, corn does not produce 

the proper channels to generate RbohC at significant enough levels to differentiate between the 

two lines of corn. It is, thus, not a major factor in tolerance or susceptibility to Cn. RbohD, which 

is a NADPH oxidase found in many plants, is a key driver in the production of ROS an important 

factor in activating PCD (Wang et al. 2018; Yamauchi et al. 2017; Sagi et al. 2004; Owusu et al. 

2019; Kaur and Pati 2016). In our work, RbohD appeared to have the most defined expression of 

the tolerant variety over the susceptible variety. Initially for both strains of Cn, the expression 
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was highest in the tolerant line and then as time progresses the levels dropped off for the tolerant 

line and is slowly upregulated in the susceptible variety to the point where at 6 dpi the was no 

difference in the expression levels between both lines of corn (Figures 4.24A and B). This very 

well could be because RbohD is an important gene involved in the prevention of disease 

progression utilizing the ROS produced in order to kill the cells early on during the pathogen 

colonization process. This PCD early on in the infection process could account for some of the 

results seen in the disease severity experiments shown in Figures 4.2-4.4. Early on in the disease 

ratings the tolerant line showed signs of necrosis such as water-soaked lesions forming, but 

concentrated to small areas, similar to HR responses of other diseases and plants, like the gene 

for gene reaction that resistant canola displays when inoculated with the corresponding 

Leptosphaeria maculans pathovar. This HR-like response would account for why the tolerant 

line displayed a higher disease severity rating as early as 2 dpi, opposed to the susceptible line 

that would show only chlorosis.  But as time progressed, the disease severity rating for the 

tolerant line either leveled off or slowly increases in part due to the PCD of the inoculated cells, 

but the susceptible lines disease severity increased and was higher in the end. Within the 

susceptible line, the activation of RbohD (Figure 4.24A and B) is slow to be triggered so there is 

not enough ROS produced in the early stages of infection to properly stop the invasion of the 

pathogen leading higher AUPDC at the end of the experiments. The genes PPI and Rab7 could 

also play a part in the eventual down regulation of the RbohD by producing ROS scavengers to 

take away the toxic effects of ROS produced by RbohD and prevent further damage to the rest of 

the plant as previously reported (Liu et al. 2013; Sui et al. 2017; Moshkov and Novikova 2008; 

Kaur et al. 2015). This suggests that these genes, Rab7 and PPI, are regulators of ROS 

production within the plant. 
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 ATP is an essential molecule that is utilized by all living cells. It is necessary for life to 

occur within all cells as it is involved in multiple biochemical reactions within the plant and is 

known to provide energy (Chivasa et al. 2011). One form of ATP is extracellular ATP (eATP) 

and is located around the surface of the cell. eATP is a key signaling molecule allowing the cell 

to keep communications between surrounding cells as well as involvement in growth and 

development of the cell (Chivasa et al. 2011). eATP is known as a negative factor in the factors 

leading to death of cells within plants under biotic stresses such as pathogen attack. The 

destruction of eATP by degrading enzymes leads to cell death and one of these enzymes is β 

subunit ATP synthase (βATP) (Chivasa et al. 2011). In the current study, βATP shows a very 

interesting result at 6 dpi when both strains of Cn triggered the expression of βATP in the 

susceptible line at 15 times and 11 times levels over the tolerant line, CO 450 which is 

biologically tolerant (Figures 4.25A and B respectively). There are other significant time points 

in both strains of Cn (Figure 4.25A) in which the tolerant line expressed the gene at a higher rate 

at 2 and 4 dpi time points. As shown in Figure 4.25B, however, at time points 15 minutes and 2 

dpi the expression level was higher in the susceptible line over the tolerant line.  Chivasa et al. 

(2011) demonstrated in vitro activation of the βATP by inoculating cell cultures of Arabidopsis 

with fumonisin B1, a pathogenic toxin produced by Fusarium species. Upon the upregulation of 

βATP, it was observed that plant cell death was activated in the cell cultures, and observed the  

inhibition of eATP (Chivasa et al. 2011), which would make sense as βATP degrades eATP. 

This inhibition of eATP, and subsequent removal of eATP caused the cells to effectively starve 

and then die off (Chivasa et al. 2011). It could be possible that Cn, secretes a toxin similar to the 

fumonsin B1 produced by Fusarium which during the colonization process the βATP 

overexpression in the susceptible line, at 6 dpi, caused more cell death and thus more lesions. 
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This might have accounted for a higher disease severity score that was observed in the 

susceptible line over the tolerant line of corn when inoculated with both strains of Cn. This gene 

most likely is a susceptibility factor as it is activated too late in the process to stop the 

progression of disease which at this point has already overwhelmed the leaves of the plant. 

 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase (ZmArogD) in this study is 

considered to be a relatively insignificant gene as overall there is no difference between the 

tolerant and susceptible lines of corn. However as shown in Figure 4.26B, the tolerant line 

expressed the gene at a higher level compared to the susceptible line at 2 dpi. AroG (a variant of 

ZmArogD) is a bacterial gene that has been transgenically introduced to plants and is a major 

player in the shikimate acid pathway when plants are exposed to abiotic or biotic stresses (Oliva 

et al. 2021). This pathway produces aromatic amino acids such as tryptophan, phenylalanine, and 

tyrosine and are important in potential defense of the plant when under stresses (Oliva et al. 

2021). The production of phenylalanine, as mentioned earlier in this discussion, is an important 

factor to plant defense with the production of disease protecting properties like lignin. The 

production of these aromatic amino acids might contribute to the production of phenylalanine, 

which  like ZmArogD, could potentially be an important defense related gene in other plants to 

which this gene is introduced into, like tobacco (Oliva et al. 2021). ZmArogD did show a spike 

in production in the tolerant line over the susceptible line at around 2 dpi when inoculated with 

DOAB 232 indicating that there could be an increase in production of aromatic acids such as 

phenylalanine. However, PAL production was only increased in the tolerant line during infection 

from the aggressive strain at 2dpi, and in the susceptible line at all other significant time points 

among the two strains of Cn. This could be a result of not taking earlier time points to properly 

capture the expression of the ZmArogD gene in corn, or that overall it doesn’t play a significant 
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role in corn in the production of PAL when inoculated with Cn, which would explain the only 

one significant time point, that shows no true correlation with the PAL gene based off of this 

study. In future studies, aromatic acid production should be measured to understand their 

potential role in the defence of corn against Cn, if any, however this study only looked at gene 

expression and did not consider aromatic acids production to be measured, but there is potential 

there for future works. 

 Translationally controlled tumor protein (TCTP) (Figure 27A but not B) showed at 2 dpi 

that there is a significant difference in the relative expression over the wounded control between 

the susceptible and tolerant lines. The susceptible line expressed it more than the tolerant line 

and could be considered a factor in susceptibility. However, it should be mentioned that this is 

one of the genes looked at in this study that overall showed no significant difference between CO 

447 and CO 450 but did have a time point of statistical significance that should be mentioned. 

TCTP is a gene that is found across different kingdoms of organisms ranging from 

Schizosaccharomyces pombe (yeast), Drosophila (flies), and even in planta, where it is far less 

understood but found in Arabidopsis (Berkowitz et al. 2008; Koo et al. 2020). Berkowitz et al. 

(2008) found that in Arabidopsis, TCTP is expressed when under abiotic stresses such osmotic 

stresses from water limitations, cold, salinity, and aluminum toxicity. This leads to the activation 

of the rapamycin signalling pathway, which plays a major factor in cellular growth in eukaryotes 

when faced with stressful situations (Berkowitz et al. 2008). Since Goss’ wilt and leaf blight is 

known to restrict water flow due to the pathogen clogging up the xylem of the plants, it could 

lead to a triggering of the activation of TCTP production, as there is a perceived water stress and 

this could be why its activated in the susceptible line was at 2 dpi, however that would be too 

soon to experience any water stress as the pathogen has not yet restricted water/nutrient flow that 
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quick into the infection process. Hence, this could be why the gene is considered to be an 

insignificant in the defense process against Cn. 

 Double bond reductions of 10-OPDA and 10-OPEA, the death acids associated to the 

precursors of the jasmonic acid pathway upon wounding or other stresses (Christensen et al. 

2015; Tani et al. 2008) is completed by 12-oxo-phytodienoic acid reductase (ZmOPR 7 and 8), 

two genes studied in this thesis. Both genes in this study were deemed to insignificant overall, 

but did have one time-point for each of the two genes that showed some significance. OPR7 

when inoculated with DOAB 232 (Figure 4.28B), the susceptible line expressed the gene more 

than the tolerant line at 4 dpi, and with OPR8 the susceptible line expressed the gene more at 2 

dpi.  This suggests that if there is any indication of these genes being important in the Cn-corn 

relationship it is more probable factors of susceptibility. OPR7 and OPR8 through experiments 

conducted by (Gorman et al. 2020; Yan et al. 2012),  using  double knockout mutants opr7 and 

opr8 determined that they were key factors in the JA pathway, in responds to Colletotrichum 

graminicola (Gorman et al. 2020) and Pythium spp (Yan et al. 2012), exhibited poor growth and 

death when the mutants were exposed to these pathogens  compared to plants that produced these 

two proteins. OPR7 is in the subgroup II of OPRs that efficiently reduce (+)-cis-OPDA to  (+)-

cis-OPC-8:0, a natural precursor for the production of jasmonic acid (Yan et al. 2012; Tani et al. 

2008). With this knowledge it shows that ZmOPR7 and 8 are used in the jasmonic acid pathway, 

and as described earlier in this thesis, ZmAOS and ZmJaz20 are also genes within the jasmonic 

acid pathway that showed significance and are suspected to be factors in susceptibility when corn 

is inoculated with Cn. ZmOPR7 and 8 both showed that even though they are overall 

insignificant in the process based on of the results of this thesis, that are expressed more in the 

susceptible line of corn, much like the other factors of the jasmonic acid pathway. 
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 Protease inhibitor (ZmPI) gene (Figure 4.30B) (as 4.30A showed no significance at all) 

has one-time point (2 dpi) that showed significant difference when inoculated with DOAB 

232where the tolerant line expressed the gene at a significantly higher rate than the susceptible 

line of corn. However, it should be stated that overall this gene was determined to  have no 

overall significance between either line of corn when inoculated with either strain of Cn. PIs,  

found in all organisms, are important to slowing down the biological activities of proteases 

emitted from biotic stressors such as pathogens and insects that use proteases to digest and 

breakdown  hosts defenses (Cisneros et al. 2020). PIs have an antimicrobial mode of action in 

which they can deactivate the hydrolytic enzymes or depolarization of plasma membrane of the 

invading biotic stress, which in turn will deter its development and progression throughout the 

plant (Cisneros et al. 2020). When inoculated with DOAB 232, p the CO450 line activated the 

ZmPI gene in order to inhibit the proteases emitted by Cn used in order to colonize the corn 

plant, however its role in the corn-Cn pathosystem is not well known. 

 Natterin-1 (NTN1) is a gene in this study like others that is considered to be insignificant 

as it did not have an overall significant difference between the two lines of corn inoculated with 

either strain of the bacteria. When inoculated with Cn 14-5-1, at 6 dpi, the tolerant line expressed 

this gene at a higher rate than the susceptible line (Figure 4.31A), but the susceptible line 

expressed the gene more at 4 dpi (Figure 4.31B) then it was the tolerant line again at 6 dpi, 

which indicates that this gene might play a more important role later in the infection process. 

However, unlike other genes in this study, not much is known about it and its role in plants. Shao 

et al. (2015) found that when maize was under a major water stress the plant over expressed 

Natterin-4 during the process, but the exact role of the gene is not known other than it is 

expressed in both biotic and abiotic stressful conditions for the maize plant. Future work is 
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required to investigate the potential function of the natterin group of genes in maize when 

attacked by Cn. 

General Discussion and Conclusions 

 In conclusion, this study showed a difference between both CO 447 and CO 450 based on 

total AUDPC and disease severity scores, thereby confirming that both lines are indeed 

susceptible and tolerant, respectively. In addition, this study determined that CMN14-5-1 was 

more aggressive than DOAB 232, based on the total AUDPC and disease severity scores. Since 

Cn14-5-1 was determined to be the more aggressive of the two strains examined in this study, it 

is probably a highly pathologically competitive strain in nature due to its ability to quickly infect 

the plant and spread throughout the leaves making it highly aggressive.  

 This study also provided some more clarity on genes that help corn plants fight invading 

pathogens, but also those that Cn is able to trigger within the susceptible corn to allow for 

successful colonization. Some of the genes that were expressed at consistent rates in the tolerant 

line over the susceptible line were PPI, Rab7, Rip2, and most apparently RbohD, which impacts 

ROS production and can help collapse the pathogen’s cell wall by attacking their membrane 

lipids  (Chivasa et al. 2011). The genes that might be considered to be susceptibility factors in 

maize based on this study are ZmAOS, ZmJaz20, RabE1C, and potentially βATP, which are 

activated too late in the process. More investigations are required to determine the role of the 

RAS gene in corn-Cn pathosystem as it showed interesting results in the susceptible line of corn, 

yet there is little known about this genes role in corn, based on the available literature. This could 

be achieved by using knock-out mutant lines of corn that lack the RAS gene, and examine what 

the differences at both the phenotypic and molecular level are between a line that expresses RAS 
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at a high level and a knock-out line that does not express the RAS gene. Based on the results 

presented here, there is a clear evidence that it does contribute to the susceptibility of corn when 

inoculated with Cn. Analysis of ZmPR1 should be redone based on the initial interesting results 

when corn is inoculated with Cn 14-5-1, but overall, showed no differences between either corn 

lines. The defense function of ZmPR1 fits well with a gene that could potentially be a major 

factor in the corn-Cn relationship.  

 We investigated how key genes are activated or deactivated within the corn plant as a 

response against Cn infection. The data generated from this study allowed us to better understand 

the Cn–corn pathosystem by identifying genes that are triggered as defense reactions to the 

invading bacterium in two pre-determined lines of corn: CO 447 (susceptible) and CO 450 

(tolerant). This is the first detailed study that has analyzed several genes related to defense in 

maize against Cn. As such, it provides a solid foundation for other studies to be conducted to 

fully understand the roles each of these genes play in both tolerance and susceptibility of maize 

against Cn. The main strength of this study is that it outlines a starting point on which genes are 

activated when the corn plant is hampered by infection from Cn, which can be used in later 

studies to investigate some of the pathways that corn enacts to supress the progression of Cn. As 

well it is one of the first studies that used the disease severity scale developed by Soliman et al. 

(2018) which is a great tool in understanding the disease progression on the corn leaf at a 

phenotypic level. One weakness that can be seen in this thesis is that it examines the Cn-corn 

pathosystem while in a greenhouse setting, and as such does not take into account any external 

environmental factors that could influence the ability of corn to express defence genes to combat 

Cn. As such, some future work that could be employed to understand the Cn-corn pathosystem is 

to potentially conduct this experiment at the field level to observe if environmental factors might 
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influence the expression of the defence genes, as well as environmental influences on phenotypic 

interaction of Cn with corn. Other future works could be examining the metabolomics behind the 

end products produced in the potential identified pathways that could play a role in the defence 

of corn, and see when these compounds are activated in the infection process as well as at what 

levels using High Liquid Performance Chromatography. These future studies could be derived 

from this initial study on the expression levels of defence related genes could lead to a more 

effective way of screening for resistant varieties of corn to Goss’ wilt and leaf blight. This will 

benefit corn producers across North America and around the world, and ultimately lead to higher 

production of corn, with reduced risk of yield loss from this bacterial pathogen. 
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Appendix 

 For the genes that showed no significance between either lines of corn, when inoculated 

with both strains of Cn will be listed in this section of the thesis. These genes showed high 

values for Akaike information criterion (AIC) on SAS, where the smaller the value, the more 

likely the results will be significant. Also these genes showed no significant difference between 

lines, and no significant differences between time points. 

PRB1-2 pathogenesis-related protein 1-2 

 

Appendix 1. Relative expression of the gene PRB1-2 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, Cn14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with phosphate buffer) and normalized by 

elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard error bars are indicated. Means with the same letters are not statistically 

different at p=0.05. 
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RBOH B respiratory burst oxidase homolog proteins B 

 

Appendix 2. Relative expression of the gene RBOH B in corn lines CO 447 (susceptible) and 

CO 450 (tolerant) inoculated with (A) aggressive strain of Cn, Cn14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with phosphate buffer) and normalized by 

elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard error bars are indicated. Means with the same letters are not statistically 

different at p=0.05. 
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SUB leucine-rich repeat protein kinase family protein 

 

Appendix 3. Relative expression of the gene SUB in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, Cn14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with phosphate buffer) and normalized by 

elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard error bars are indicated. Means with the same letters are not statistically 

different at p=0.05. 
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ZmJaz4 jasmonate zim domain protein 4 

 

Appendix 4. Relative expression of the gene ZmJaz4 in corn lines CO 447 (susceptible) and CO 

450 (tolerant) inoculated with (A) aggressive strain of Cn, Cn14-5-1; and (B) the weakly 

aggressive strain, DOAB 232. The 2
-ΔΔC

T method was used to calculate the expression relative to 

the wounded control (wounded and inoculated with phosphate buffer) and normalized by 

elongation factor in order to reduce small differences. Values are the means of 3 biological 

replicates. Standard error bars are indicated. Means with the same letters are not statistically 

different at p=0.05. 
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